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STATISTICAL ANALYSES OF RAM-C X-BAND 
SIGNAL STRENGTH DATA 
SUMMARY 
This  r e p o r t  p re sen t s  t h e  results of ana lyses  of t h e  pulse-by-pulse 
r e t u r n  s i g n a l  from t h e  on-board X-band te lemet ry  system i n  t h e  RAM C-I  
and C - I 1  payload. The d a t a  as o r i g i n a l l y  recorded contained system 
e r r o r s  and n o n e t a t i o n a r i t i e s  caused by s l a n t  range v a r i a t i o n  and 
antenna pa t t e rn  modulation. The sys t em e r r o r s  and range v a r i a t i o n s  
w e r e  removed and va r ious  a n a l y t i c a l  techniques were app l i ed  t o  t h e  
d a t a  t o  examine t h e  e f f e c t  of i o n i z a t i o n  on t h e  s i g n a l  level and t h e  
e f f e c t  of material i n j e c t i o n  on the recovery of both s i g n a l  l e v e l  and 
t h e  antenna p a t t e r n  s igna tu re .  
S igna l  s t r e n g t h  d a t a  are presented f o r  both missions i n  t h r e e  
d i f f e r e n t  formats:  1 )  e d i t e d  s i g n a l  s t r e n g t h  peak de tec t ed  over a 
200 mi l l i second pe r iod  (Figures  1 and 2,  pages 10 and l l ) ,  2) e d i t e d  
s i g n a l  s t r e n g t h  d a t a  on a n  expanded (mil l isecond)  t i m e  base  (F igures  3 
through 1 9 ,  pages 12 through 28) ,  and 3) e d i t e d  s i g n a l  s t r e n g t h  d a t a  
us ing  a s l i d i n g  averaging technique t o  smooth the  d a t a  (Figures  25, 26, 
and 27, pages 39,  41, and 43) .  
P l a sma  a t t e n u a t i o n  i n  t h e  C-I mission began a t  404 seconds a f t e r  
l i f t - o f f  (Z188K f t . )  wi th  a r e l a t i v e l y  r ap id  inc rease  a t  t h i s  t i m e .  
At tenuat ion  i n  t h e  C - I 1  mission commenced a t  405.5 seconds a f t e r  
l i f t - o f f  (E178K f t . )  wi th  a more gradual  onse t .  I n  both miss ions ,  
hard  blackout  occurred a t  approximately 411 seconds a f t e r  l i f t - o f f  
( ~ 1 4 3 K  f t . ) .  
There i s  a discrepancy i n  the  s i g n a l  level above threshold  between 
t h e  two missions.  A t  an  a l t i t u d e  of 201,000 f e e t ,  t he  peak s i g n a l  l e v e l  
above threshold  f o r  t h e  C-I  mission w a s  approximately 49 db, whereas i n  
t h e  C - 1 1  mission,  t he  corresponding peak s i g n a l  l e v e l  was approximately 
34 db. It  i s  f e l t  t h a t  changes i n  t h e  method of c a l i b r a t i o n  of t h e  
r e c e i v e r  th reshold  ( i . e .  t he  minimum d i sce rnab le  s i g n a l )  accounts  f o r  
t h e  l a r g e r  p a r t  of t h i s  discrepancy. A minor p a r t  of t h e  discrepancy 
(approximately 4 db) could be attributable to a heavy rainstorm at 
Bermuda during the C-I1 mission. 
Correlation techniques were applied to the data base to determine 
precise measures of roll rate and to investigate the degradation of the 
antenna pattern. 
blackout was determined t o  be 1079 degrees per second. For the C-I1 
mission, the roll rate was 1093 degrees per second. The sun-sensor 
data correlated well with these values. Cross-correlation of the 
signal strength data with the predetermined antenna patterns indicates 
qualitatively the degradation of the antenna pattern as the mission 
progressed. The null structure deterioration was first noticeable at 
approximately 396 seconds (x240K ft.) after lift-off for both missions 
(Figure 32, page 5 4 ) .  
were also computed at various time periods and indicate, with somewhat 
less sensitivity, the pattern degradation as is evident in the cross- 
correlation functions (Figures 33 and 34 ,  pages 56 and 5 8 ) .  
In order to estimate plasma parameters from the X-band data base, 
a ray tracing model was developed to construct predicted null patterns 
for various plasma densities, angle of attack, and aspect angle. From 
this model, interference patterns were generated under various conditions 
and compared with the signal strength data. From this comparison, it 
was possible to calculate the electron density at various times prior to 
complete blackout. Electron densities calculated from the model compare 
very favorably with reflectometer data (Figure 4 7 ,  page 8 4 ) .  
Nonsymmetries in the plasma about the vehicle roll axis can be 
The roll rate for the C-I mission just prior to 
The power spectra for the signal strength data 
determined from comparison of the ray tracing model outputs with the data. 
However, because of limitations of time and effort during this phase of 
the study, no quantitative results concerning plasma shape were developed. 
It is felt, however, that this is a promising area for future investigation. 
Major sections of the report include 1) description of the data 
editing procedure, 2) the detailed data base used in the study, 3 )  analysis 
of level and signature recovery during the pulse injection periods, and 
4 )  
data. 
development of a ray path model and subsequent comparison with the 
2 
I. INTRODUCTION 
This  r e p o r t  desc r ibes  va r ious  ana lyses  performed on t h e  X-band 
te lemet ry  s i g n a l  s t r e n g t h  d a t a  obtained by t h e  Langley Research Center 
on t h e  RAM C - I  mission on 1 9  October 1967 a t  1:33 p.m. E.D.T. and t h e  
RAM C - I 1  mission on 22 August 1968 a t  11:16 a . m .  E.D.T. 
The ana lyses  considered during t h i s  program were s e l e c t e d  s o  as t o  
provide  i n v e s t i g a t o r s  wi th  r e f i n e d  da ta ,  with the  ob jec t ives  of a l lowing 
d e t a i l e d  examination of X-band communication during r e e n t r y  and of 
a s s e s s i n g  t h e  e f f e c t  of material i n j e c t i o n  on communication recovery i n  
t h e  presence of i o n i z a t i o n .  
Three main f e a t u r e s  w e r e  s e l ec t ed  f o r  d e t a i l e d  s tudy.  These f e a t u r e s  
were 1) 
recovery of t h i s  l e v e l  during the  p u l s e  i n j e c t i o n  pe r iods ,  2 )  t h e  degrada- 
t i o n  of t h e  antenna p a t t e r n  s igna tu re  due t o  t h e  presence of t h e  ion ized  
l a y e r  (and subsequent r e s t o r a t i o n  of t h i s  s i g n a t u r e  during t h e  pu l se  
pe r iods  f o r  t h e  C-I  miss ion) ,  and 3)  
t o  determine plasma c h a r a c t e r i s t i c s  from the  s i g n a l  s t r e n g t h  d a t a .  
t h e  reduct ion  i n  s i g n a l  s t r eng th  level due t o  i o n i z a t i o n  and t h e  
development of a ray t r a c i n g  model 
A cor rec t ed  s i g n a l  s t r e n g t h  l e v e l  a s  a func t ion  of t i m e  w a s  generated 
by performing a s l i d i n g  mean throughout t h a t  po r t ion  of t h e  mission 
immediately p r i o r  t o  f u l l  blackout .  This  mean has  a s p e c i a l  f e a t u r e  i n  t h a t  
i t  uses  a "window" which averages only t h e  c e n t r a l  po r t ion  of each lobe  of 
t h e  X-band te lemetry fou r  horn pa t t e rn ;  thus  the  e f f e c t s  of t h e  n u l l s  i n  
t h e  antenna p a t t e r n  are e l imina ted .  
The p a t t e r n  s i g n a t u r e  as a funct ion of t i m e  i s  f i r s t  i n v e s t i g a t e d  by 
performing normalized c ross -cor re la t ion  func t ions  between t h e  s t a t i c  
antenna p a t t e r n s  and t h e  rece ived  s igna l  s t r e n g t h  da ta .  These func t ions  
reach a va lue  between -1 and +1 dependent on t h e  r e l a t i v e  c o r r e l a t i o n  of 
t h e  v a r i a b l e  components of t h e  two sets of da t a ,  and may b e  of va lue  i n  t h e  
a n a l y s i s  of s i g n a t u r e  components i n  a given d a t a  se t .  
The p a t t e r n  s i g n a t u r e  i s  fu r the r  analyzed by t h e  development of a 
t h e o r e t i c a l  r ay  pa th  model, which generates  t h e  in t e r f e romete r  n u l l  
c h a r a c t e r i s t i c s  f o r  va r ious  plasma condi t ions .  The d a t a  are then  compared 
wi th  t h i s  p red ic t ed  s igna tu re  t o  es t imate  e l e c t r o n  d e n s i t i e s  i n  t h e  plasma. 
These s t u d i e s  are descr ibed i n  t h e  fol lowing s e c t i o n s  of t h i s  r e p o r t .  
3 
11. DATA EDITING 
A .  BACKGROUND 
During a previous program [ l ] ,  LRC suppl ied  R T I  d i g i t a l  magnetic tapes  
conta in ing  a p o r t i o n  of t he  RAM C - I  and C - I 1  missions.  
compatible t ape  w a s  wri t ten from each t ape  and e d i t e d  t o  provide s i g n a l  
s t r e n g t h  d i r e c t l y  i n  db above threshold.  Several  anomalies were noted i n  
t h e  tape ;  among these  were t i m e  overlaps and missing pu l ses ,  f e l t  t o  be 
due t o  t h e  ope ra t ion  of t h e  pulse  s t r e t c h e r  c i r c u i t s  used i n  record ing  t h e  
TM d a t a .  
A FORTRAN 
During t h e  p re sen t  program these  anomalies w e r e  removed and, i n  add i t ion ,  
t h e  te lemet ry  frame gaps were removed and t h e  d a t a  normalized t o  t h e  s i g n a l  
s t r e n g t h  level occurr ing  a t  a range of 648,185 f t  (corresponding t o  201,142 
f t .  a l t i t u d e ) .  A b r i e f  desc r ip t ion  of t h e  techniques u t i l i z e d  i s  included i n  
t h i s  s e c t i o n .  
B. REMOVAL OF TIME OVERLAPS 
T i m e  ambigui t ies  were noted i n  t h e  RAM C - I  da t a  t i m e  base  which suggested 
t h a t  t h e  t r u e  t i m e  base had been s t r e t c h e d  i n  the  d i g i t i z a t i o n  process  and 
then  reset a t  f requent  (1 s e c . ) , i n t e r v a l s .  
t o  d e t e c t  t hese  over laps  over t he  e n t i r e  d a t a  span. Another r o u t i n e  w a s  
developed which l i n e a r l y  compressed t h e  s t r e t c h e d  po r t ions  of t h e  t i m e  scale 
as a func t ion  of t h e  l eng th  of the over lap ,  r e s u l t i n g  i n  a co r rec t ed  t i m e  
base  without  over laps .  
A computer r o u t i n e  was developed 
S i m i l a r  ambigui t ies  were noted on t h e  RAM C - I 1  t i m e  base .  However, c a r e f u l  
examination revealed t h a t  t h e s e  d iscrepancies  were l i k e l y  due t o  t h e  d i g i t i z e r  
producing an  i n c o r r e c t  d i g i t  i n  the low order  of t h e  p o r t i o n  of t h e  t i m e  code. 
These were simply reset t o  t h e  c o r r e c t  va lue .  
Subsequent comparison of t h e  d a t a  t a p e  wi th  v i s i c o r d e r  d a t a  produced 
e x c e l l e n t  t i m e  base c o r r e l a t i o n  f o r  both missions.  
C. RFAMOVAL OF MISSING DATA PULSES AND FRAME GAPS 
The d i g i t i z e r  r e s o l u t i o n  of 1 m s .  r e s u l t e d  i n  t h e  assignment of t h e  same 
t i m e  l a b e l  t o  several pu l ses  i n  the d i g i t i z e d  records .  Hence, i t  w a s  n o t  
p o s s i b l e  t o  d e t e c t  d i r e c t l y  the  missing da ta  pulses .  Close in spec t ion  of t h e  
d i g i t i z e d  records  ind ica t ed  t h a t  a technique f o r  removing t h e  e f f e c t  of t h e  
p u l s e  s t r e t c h e r  on the  p u l s e  amplitudes would be t o  choose t h e  l a r g e s t  va lue  
of a group of pu l se s  having t h e  same t i m e  l a b e l .  Visua l  i d e n t i f i c a t i o n  of t h e  
5 
synch pu l ses  on the  analog record  i n d i c a t e d  (a vast ma jo r i ty  of t h e  t i m e )  
t h a t  t h e  synch pu l ses  were indeed of a g r e a t e r  magnitude. 
I n  o rde r  t o  o b t a i n  a d a t a  base  which w a s  uniformly spaced i n  t i m e  ( f o r  
subsequent time series a n a l y s i s ) ,  i t  was necessary  t o  i n s e r t  zeros  a t  those  
t i m e  l a b e l s  where t h e  d i g i t i z e r  d i d  not  d e t e c t  a d a t a  en t ry .  
w a s  accomplished, i t  was noted (by c o r r e l a t i o n  wi th  t h e  analog r eco rd )  t h a t  
a few d a t a  pulses  and t h e  synch frame gaps remained. 
removed by l i n e a r l y  i n t e r p o l a t i n g  between t h e  pu l ses  immediately preceding 
and fol lowing t h e  gap. 
d e t e c t i n g  over two pu l ses .  
When t h i s  
The frame gaps were 
The remaining d a t a  pu l ses  were removed by peak 
D. RANGE NORMALIZATION 
I n  order  to remove t h e  e f f e c t  of changing s l a n t  range,  t he  s i g n a l  s t r e n g t h  
d a t a  were normalized t o  t h e  s i g n a l  s t r e n g t h  occurr ing  a t  t - 402 seconds a f t e r  
l i f t  o f f  ( s l a n t  range = 648,%85 f t .  ; a l t i tude  201,142 f t )  , t h e  SNR a t  t h i s  
t i m e  w a s  ca l cu la t ed  from t h e  beacon equat ion:  
P ~ G ~ G ~ X  
SNR = 
(4a)*  (KT) B NF R ~ L  
where SNR i= s i g n a l  t o  n o i s e  r a t i o  
PT = t ransmi t ted  power (400 wa t t s )  
GT = t ransmi t ted  antenna ga in  (1 db) 
GR = receiver antenna ga in  (48 db) 
KT = Boltzman's cons tan t  x r e c e i v e r  temperature (4 x watts) 
X = wavelength (3.26 cm) 
B = receiver bandwidth (10 MC) - 
NF L = receiver n o i s e  f i g u r e  and l o s s e s  (6.5 db) 
R = s l a n t  range (648,185 f t )  as obtained from BDA FPQ-6 r ada r .  
The ca l cu la t ed  SNR i s  46.5 db. 
6 
E. SUMMARY 
I n  summary, t h e  e d i t e d  d a t a  base u t i l i z e d  f o r  t h e  ana lyses  
descr ibed  i n  t h e  fol lowing sec t ions  cons i s t ed  of a va lue  of s ignal- to-  
n o i s e  r a t i o  i n  db every two mi l l i seconds  over t h e  d a t a  i n t e r v a l .  This  
v a l u e  r ep resen t s  t he  peak s i g n a l  l e v e l  over a two mi l l i second per iod  
a f t e r  t h e  d a t a  had been co r rec t ed  f o r  dev ia t ion  i n  range from a normalizing 
range  of 648,185 f e e t ,  and wi th  l i n e a r  i n t e r p o l a t i o n  over t h e  TM frame 
gaps 
7 
111. DATA BASE 
Figures  1 and 2 p l o t  t h e  s igna l  s t r e n g t h  d a t a  v s  t i m e ,  over  t h e  t i m e  , 
i n t e r v a l s  s tud ied  during t h i s  program, i n  condensed form f o r  RAM C-I and 
RAM C-I1 (ho r i zon ta l  p o l a r i z a t i o n )  r e spec t ive ly .  These condensed ve r s ions  
of t h e  s i g n a l  s t r e n g t h  d a t a  were obtained by sensing the  peak va lue  of 
s i g n a l  s t r e n g t h  over each 200 m s .  i n t e r v a l  and are p l o t t e d  as continuous 
func t ions .  
F igures  3 through 12 p l o t  t h e  e d i t e d  da t a  base  f o r  t h e  RAM C-I mission 
expanded i n  t i m e .  The d a t a ,  of course,  a c t u a l l y  e x i s t  as sample po in t s  
b u t  are shown p l o t t e d  as continuous func t ions  f o r  ease of p l o t t i n g .  
The t i m e  T on each expanded da ta  pane l  i s  t h e  t i m e  i n  mi l l i s econds  
0 
from which t h e  t i m e  scale i s  referenced.  
1 7  hours ,  and 39 minutes (360 seconds a f t e r  l i f t - o f f )  wi th  t h e  except ion o f  t h e  
l a s t  pane l ,  which i s  referenced t o  17  hours and 40 minutes.  Thus, t he  
d a t a  base  begins  a t  385 seconds a f te r  l i f t - o f f  (T = 25000) and te rmina tes  
a t  425 seconds a f t e r  l i f t - o f f .  
The r e fe rence  t i m e  i s  292 days,  
0 
The p u l s e  per iods as obtained [Ref. 21 are shown on the  p l o t s -  
! 
A l i s t  of p u l s e  t i m e s  i s  included i n  Appendix A .  
The s i g n a l  s t r e n g t h  l e v e l  corresponding t o  t h e  normalized range 
as d iscussed  i n  the  previous sec t ion  i s  ind ica t ed  on the  p l o t s  as a s o l i d  
l i n e  a t  46.5 db. 
F igures  13 through 19 p l o t  the e d i t e d  d a t a  base  f o r  t he  RAM C-I1 mission 
expanded i n  t i m e  as descr ibed  above. For t h i s  mission t h e  r e f e r e n c e  t i m e  
is  235 days,  15  hours ,  and 22 minutes (360 seconds a f te r  l i f t - o f f )  wi th  
t h e  except ion of t h e  l a te  por t ion  of t h e  l a s t  pane l  which i s  re ferenced  t o  
15  hours and 23 minutes. 
t e rmina tes  a t  439 seconds a f t e r  l i f t - o f f .  
Thus, t h e  d a t a  base  begins  a t  391 seconds and 
T i m e  i n  seconds a f t e r  l i f t - o f f  (T ) as w e l l  as a t i m e  h i s t o r y  of LO 
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Figure 8. Edited C-I  signal strength data base versus time for the 
time period 405-409 seconds after lift-off. 
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Figure  14.  Edi ted C-I1 s i g n a l  s t r eng th  d a t a  base  ve r sus  time f o r  t h e  
t i m e  per iod  395-399 seconds a f t e r  l i f t - o f f .  
23 
RRM-C SIGNAL STRENGTH TIME HISTORY 
!EDITED TAPE) 
50 
4 0  
Lc 0 20 ~ 
I O  
T o  = 38524 TLME I N  M I L & X C O N O :  AFTER TZFRCi 
TLO 399 220K f t  
-- 
-- 
-- y - q @ -  W % $ - v - + + ~  
-- 
I) j-Tpi-- ___ 7- 7----r. I -1 
800 900 I 0 0 0  I 1 0 0  1200 1300 1400  1500 1600 
T o  ~ 38824 T I M F  I N  MILLISECONDS W T F R  TZERO 
- 1  
- , -. . - - . -. .- - . -~ ~ 1 ~ -  ~ 
I - --- I--
1900 2000 . 2100 2200 230b ?!’I0 t TIME IN MILLISECONDS AFTER TZERO l h n o  1100 1900 m 0  = 36524 
210K f t  
I -7------- -1 3500 3600 3 1 0 0  3E00 3900 q n m  1-7 --- 
T o -  38524 TIME I N  MILLISECONDS AFTFR TZFRO 
200K f t  
24 
F igure  15. Edited C - I 1  s i g n a l  s t r e n g t h  d a t a  base  v e r s u s  t i m e  for t h e  
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I V .  ANTENNA PATTERN CHARACTERISTICS 
A. D I G I T I Z A T I O N  OF PATTERNS 
S t a t i c  antenna p a t t e r n s  for both C-I  and C - I 1  payloads taken i n  t h e  
LRC anechoic chamber were hand d i g i t i z e d  every degree f o r  u t i l i z a t i o n  i n  
t h e  c ros s -co r re l a t ion  programs. The d i g i t i z e d  p a t t e r n s  were then  p l o t t e d  
by t h e  CALCOMP p l o t t e r  t o  check t h e  f i d e l i t y  of t h e  d i g i t i z a t i o n  process .  
F i g u r e  20 i n d i c a t e s  a r ep resen ta t ive  C-I  p a t t e r n  (8 = 85*) and demonstrates  
t h e  d i g i t i z a t i o n  e f f e c t  t o  be minimal. 
B . QUADRANT BY QUADRANT CRO S S-CORRELAT I O N  
I n  o r d e r  t o  i n t e r p r e t  t h e  r e s u l t s  of c ros s -co r re l a t ing  t h e  antenna 
p a t t e r n s  w i t h  t h e  rece ived  te lemetry d a t a ,  i t  w a s  decided t o  perform f i r s t  
a q u a s i  c ros s -co r re l a t ion  of the  antenna p a t t e r n  (C-I  payload only)  w i th  
i t s e l f  ( t h i s  i s  i n  r e a l i t y  a form of a u t o c o r r e l a t i o n ,  but i s  n o t  termed 
as such h e r e  due t o  t h e  n a t u r e  by which t h e  d a t a  i s  segmented). 
Each p a t t e r n  w a s  segmented i n t o  f o u r  quadrants  ( see  F igure  211, with  
each quadrant  c ross -cor re la ted  with t h e  e n t i r e  p a t t e r n  according t o  t h e  
r e l a t i o n s h i p ,  
- - 
k = 1, ..., 4 
j = 1, ..., 360 
i=90k (Pi - PIC) (gi+j - g ' )  




j , k  90 P 
where k = t h e  index on t h e  quadrant of  i n t e r e s t  
j 
gk = t h e  mean of  t h e  k t h  quadrant  
CJ 
gi = t h e  i2 p o i n t  on the  p a t t e r n  
g '  = t he  mean of t h e  lagged 90 degrees  of p a t t e r n  d a t a  
0' = t h e  s tandard  devia t ion  of the lagged 90 degrees  of da t a .  
= t h e  "lag" of interest - 
-
= t h e  s t anda rd  dev ia t ion  of t h e  k& quadrant  k 
- 
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- t  
Quadrant  #3 \ I  
F igure  21. P a t t e r n  segmenting f o r  c o r r e l a t i o n  of 
t h e  p a t t e r n  quadrants  wi th  t h e  p a t t e r n .  
An example of t h e s e  func t ions  i s  shown i n  F igure  22. This  example 
i s  t h e  pa t t e rn -pa t t e rn  c o r r e l a t i o n  a t  an  85" a spec t  angle .  Examination 
of t h i s  c o r r e l a t i o n  func t ion  revea ls  several s i g n i f i c a n t  f e a t u r e s  of t h e  
antenna p a t t e r n  s igna tu re .  F i r s t ,  t h e r e  appears  t o  be a s l i g h t  phase 
s h i f t  of t h e  p a t t e r n  lob ing  depending upon which quadrant i s  s e l e c t e d .  
This  phase s h i f t  is  most ev ident  a t  zero l a g  and may be seen  on t h e  s t a t i c  
p a t t e r n s  by no t ing  t h e  p o s i t i o n  of t h e  0,  90, 180 and 270 degree  p o i n t s  on 
t h e  lobe  s t r u c t u r e  of each pa t t e rn .  
t o  o b t a i n  u n i t y  c o r r e l a t i o n  when each lobe  is  c o r r e l a t e d  wi th  i t s e l f  as 
shown i n  t h e  c i r c l e d  areas on t h e  6 = 85" panel  i n  F igure  22. 
a l s o  i n d i c a t e s  t h e  sequencing of the lobes  t h a t  occurs  as each quadrant from 
t h e  p a t t e r n  c o r r e l a t e s  w i th  i tsel f .  Third,  t h e  four-horn lob ing  (90" 
per iod)  is  ev ident  throughout t h e  c o r r e l a t i o n  func t ion ;  e s p e c i a l l y  
s i g n i f i c a n t  is  t h e  f a i l u r e  of cross-quadxants ( i .  e. c o r r e l a t i n g  quadrant  #l 
wi th  quadrant  #2, 3 o r  4 )  t o  achieve u n i t y  c o r r e l a t i o n ,  i n d i c a t i n g  t h e  
p o s s i b i l i t y  of i d e n t i f y i n g  each ind iv idua l  lobe  of t h e  p a t t e r n  s i g n a t u r e  
i n  t h e  te lemet ry  s igna l - s t r eng th  data by a c ross -co r re l a t ion  technique. 
Four th ,  t h e  high frequency component i n  t h e  p a t t e r n  c o r r e l a t i o n  func t ions  
may b e  a t t r i b u t e d  t o  t h e  quadrapole in t e r f e romete r  e f f e c t .  
component is  q u i t e  s t rong  a t  aspec ts  of about 50" off  t h e  nose and g radua l ly  
d e t e r i o r a t e s  i n  amplitude and s h i f t s  upward i n  frequency as a spec t  s h i f t s  
around t o  broadside.  This component i n d i c a t e s  t h e  p o s s i b i l i t y  of i n f e r r i n g  
a spec t  ang le  from a n a l y s i s  of t h i s  s i g n a t u r e  i n  t h e  rece ived  te lemet ry  da t a .  
Second, n o t e  t h e  r e s o l u t i o n  requi red  
F igure  22 
This  frequency 
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C. POWER SPECTRA AT VARIOUS ASPECT ANGLES 
A s  a f u r t h e r  documentation of t h e  C-I  antenna p a t t e r n  s i g n a t u r e ,  
power s p e c t r a  were computed by a Four ie r  a n a l y s i s  of t h e  p a t t e r n s  and 
are inc luded  as Figure  23. Notice t h e  behavior  of t h e  h igh  frequency 
components as descr ibed previous ly  (i.e. i n  t h e  r eg ion  of wave numbers 50-70). 
The d a t a  are p l o t t e d  as a func t ion  of harmonics o r  wave number and may 
e a s i l y  be  converted t o  cyc le s  p e r  degree by observing t h a t  i n  a Four i e r  
decomposition, t h e  wave number spacing i s  -where  L i s  t h e  l eng th  of 
1 d a t a  analyzed. Thus, f o r  360' of d a t a ,  each wave number r e p r e s e n t s  - 360 
o r  .00278 cyc le s  per  degree.  A wave number of 60 would r ep resen t  a 
frequency of .15 cyc les  per  degree o r  a p e r i o d  of approximately 6 1 / 2  degrees.  
Reference t o  t h e  s t a t i c  p a t t e r n s  w i l l  i n d i c a t e  t h a t  t h i s  is  t h e  approximate 
angu la r  per iod  of t h e  i n t e r f e r e n c e  lobes .  
1 
L 
D. RAM C - I 1  STATIC PATTERNS 
The preceding a n a l y s i s  was not conducted f o r  t h e  RAM C - I 1  antenna 
p a t t e r n s  due t o  t h e  s i m i l a r i t y  of t he  payload conf igura t ions .  However, 
i n  the d e t a i l e d  c ros s -co r re l a t ion  ana lyses  ( t o  be descr ibed  i n  Sec t ion  V ), 
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Figure 23. Fourier components of the antenna patterns a t  various 
aspect angles. 
wave number where each wave number represents .00278 
cycles per degree. 
The horizontal ax i s  i s  scaled i n  
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Figure 23. (Concluded.) 
V. DATA ANALYSES 
A. NORMALIZED ATTENUATION VS TIME 
I n  o rde r  t o  view t h e  e f f e c t  of i o n i z a t i o n  and material i n j e c t i o n  on t h e  
loss and recovery of s i g n a l  s t r eng th  level,  a spec ia l i zed  form of averaging 
w a s  developed t o  remove t h e  e f f e c t  o f  antenna p a t t e r n  lobing from t h e  
e d i t e d  and normalized d a t a  base.  
The technique used w a s  t o  move through t h e  d a t a  base  with a mean taken 
over t h e  c e n t r a l  45 degrees  of each major antenna p a t t e r n  lobe.  This  
r equ i r ed  t h a t  t h e  averaging "windowl' ( i . e .  t h a t  po r t ioh  of t h e  d a t a  base 
s e l e c t e d  f o r  each lobe  average)  b e  c lose ly  synchronized with t h e  v e h i c l e  s p i n  
rate. Examination of Figure 2 4 .  i l l u s t r a t e s  how t h e  d a t a  window s e l e c t s  
t h e  peak p o r t i o n  of each major lobe. 
/- data  included i n  s l i d i n g  average 
db 
data  ignored 
4 I- i n i t i a l  n u l l  l a g  read  from d a t a  
Figure 24. Averaging technique. 
The i n i t i a l  l a g  i s  read f r o m  the d a t a  base  and c o n s i s t s  of t h e  t i m e  t o  
t h e  f i r s t  n u l l  p lus  t h e  t i m e  equivalent  of 22 1 / 2  degrees  t o  avoid t h e  
i n t e r f e r e n c e  region.  The f i r s t  lobe average i s  then  computed over t h e  t i m e  
equiva len t  of t h e  next  45 degrees ,  t he  next  45 degrees  ( t h e  i n t e r f e r e n c e  
reg ion)  is  ignored,  t h e  fol lowing rime equiva len t  of 45 degrees provides  
t h e  average f o r  t h e  second lobe ,  e tc .  
37 
A block diagram of t h e  computer program w e d  t o  implement tho a n a l y s i s  
i s  inc luded  i n  Appendfx J. 
Figure  25 shows the  r e s u l t i n g  averaged d a t a  f o r  C-I over  t h e  t i m e  
span T 
i d e n t i f i e d  along t h e  t i m e  a x i s  so t h a t  c o r r e l a t i o n  wi th  s i g n a l  
recovery may be observed. 
= 385 t o  TLO = 412. The material i n j e c t i o n  pu l ses  have been LO 
Since these d a t a  are range normalized, any s i g n i f i c a n t  r educ t ion  from 
t h e  normalized level of 46.5 db i s  a d i r e c t  r e s u l t  of i o n i z a t i o n  o r  material 
i n j e c t i o n .  However, i t  should be  noted t h a t  long-term v a r i a t i o n s  due t o  
antenna ga in  changing as a func t ion  of t i m e  ( i . e .  as a spec t  changes wi th  
time) have no t  been e x t r a c t e d  from t h e  d a t a  and are t h e  probable  cause of 
t h e  s l i g h t  d ip  near  TLO = 393. This  long-term b i a s  is  no t  f e l t  t o  a f f e c t  
s i g n i f i c a n t l y  the i n t e r p r e t a t i o n  of t h e  d a t a  over  t h e  t i m e  pe r iod  of 
major i n t e r e s t .  
F igure  26 shows a similar a n a l y s i s  f o r  t h e  C - I 1  mission over  t h e  
t i m e  per iod  T 
from 30 db should be i n t e r p r e t e d  as a r e s u l t  of i o n i z a t i o n .  
= 391 through TLO = 416. Here, re'duction ia s i g n a l  level  LO 
Comparison of F igures  25 and 26 reveals t h a t  t h e  plasma a t t e n u a t i o n  
during t h e  C - I  mission began t o  occur  a t  404 seconds a f t e r  l i f t - o f f .  
a t t e n u a t i o n  due t o  t h e  plasma presence i s  r a p i d .  S i g n i f i c a n t  recovery 
i s  experienced during t h e  material i n j e c t i o n  pu l ses  u n t i l  412 seconds 
a f t e r  l i f t - o f f ,  where hard blackout  commences. 
f o r  t h e  C - I 1  mission i s  somewhat r e t a rded ,  wi th  the  i n i t i a l  dropouts 
commencing a t  405.6 seconds a f t e r  l i f t - o f f ,  and wi th  t h e  onse t  of i o n i z a t i o n  
appearing t o  be more gradual .  
l i f t - o f f ,  comparing w e l l  wi th  t h e  C- I  mission. 
The 
The plasma a t t e n u a t i o n  
Hard blackout  occurs  a t  411 seconds a f t e r  
The a t t e n u a t i o n  during the  C - I  and C - I 1  missions i s  compared i n  
Figure 27.  
is  ev ident  i n  t h i s  p l o t .  
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B. SLIDING AUTOCORRELATION FUNCTIONS (TM DATA WITH TM DATA) 
A p r e c i s e  knowledge of veh ic l e  s p i n  rate is  requi red  f o r  performing 
c ross -co r re l a t ions  between t h e  antenna p a t t e r n s  and t h e  rece ived  s i g n a l  
s t r e n g t h  d a t a ,  and f o r  performing the  s l i d i n g  mean. 
The s p i n  rate frequency may be e x t r a c t e d  from t h e  receiver s igna l -  
s t r e n g t h  d a t a  by applying t h e  property of t h e  a u t o c o r r e l a t i o n  
f u n c t i o n ,  which states t h a t  a func t ion  which is p e r i o d i c  wi th  per iod  T w i l l  
have an  a u t o c o r r e l a t i o n  func t ion  which i s  a l s o  pe r iod ic  wi th  pe r iod  T. 
The four-horn antenna conf igura t ion  produces a p e r i o d i c  s i g n a t u r e  i n  
t h e  s i g n a l  s t r e n g t h  da t a  a t  a frequency of fou r  t i m e s  t h e  v e h i c l e  s p i n  rate. 
The p e r i o d i c i t i e s  due t o  t h i s  s i g n a t u r e  may then be e x t r a c t e d  by performing 
a n  a u t o c o r r e l a t i o n  of t h e  received TM da ta .  Since t h e  c o r r e l a t i o n  f u n c t i o n -  
enhances t h e  p e r i o d i c i t i e s ,  ob ta in ing  s p i n  rate from these  func t ions  is  f e l t  
t o  b e  somewhat more accu ra t e  than  ob ta in ing  t h i s  information from t h e  d a t a  
d i r e c t l y .  
C - I  Analysis  
These s l i d i n g  au to-cor re la t ion  func t ions  were performed a t  success ive  
two-second i n t e r v a l s  over  t h e  f i r s t  10 seconds of t h e  per iod  of i n t e r e s t  
(i .e. from t 385 t o  t = 395 seconds a f t e r  l i f t - o f f ) .  The func t ion  f o r  
t = 385 seconds a f t e r  l i f t - o f f  i s  shown i n  Figure 28. 
func t ions  are documented i n  Appendix C. Not ice  t h a t  t h e  p o s i t i o n  of t h e  
22nd peak on each c o r r e l a t i o n  func t ion  appears a t  a l a g  of 1835 m s .  
peak r ep resen t s  a n  equiva len t  90" on t h e  antenna p a t t e r n ,  thus 22 peaks 
r ep resen t  1980" and t h e  i n d i c a t e d  s p i n  rate i s  1980 deg./1.835 sec. o r  
10 79 deg . /sec . 
The remaining 
Each 
Since t h e  s l i d i n g  au tocor re l a t ion  func t ions  tend t o  become erratic as 
t h e  d a t a  become nons ta t ionary  ( i . e .  as i o n i z a t i o n  occur s ) ,  i t  was decided 
t o  e x t r a p o l a t e  t h i s  s p i n  rate through t h e  d a t a  per iod  of i n t e r e s t .  
s u b s t a n t i a t e  t h e  v a l i d i t y  of t h i s  e x t r a p o l a t i o n ,  t h e  s p i n  rate w a s  compared 
wi th  t h e  LRC on-board r o l l - r a t e  sensor .  The s p i n  rate d a t a  obta ined  from 
t h e  on-board gyro w a s  r e l a t i v e l y  cons tan t  over t he  pe r iod  p r i o r  t o  




C- I1 Anal y s i s  
A similar a n a l y s i s  was conducted t o  determine t h e  C-I1 s p i n  rate. The 
a n a l y s i s  was conducted f u r t h e r  i n t o  t h e  mission,  as t h e  onse t  of i o n i z a t i o n  
occurred later than f o r  C- I  and t h e  d a t a  appeared more s t a t i o n a r y .  This  
a n a l y s i s  i nd ica t ed  that  t h e  s p i n  rate remained q u i t e  cons t an t  over  t h e  d a t a  
per iod  (391-411 seconds a f t e r  l i f t - o f f )  a t  a va lue  of 1093 deg. /sec.  
C-I1 s l i d i n g  au tocor re l a t ion  func t ions  are inc luded  i n  Appendix D. 
The 
Examination of t h e  sun senso r  d a t a  a t  t = 391.763, t = 392.093 and 
t = 392.423 ind ica t ed  s e q u e n t i a l  peaks which would produce a rate of 
720 deg./ .660 sec. = 1091 deg. /sec.  
a p a r t .  
an approximate+ 3 degree e r r o r  i n  s p i n  rate c a l c u l a t i o n .  
d a t a ,  then ,  provides e x c e l l e n t  cor robora t ion  of t h e  calculated s p i n .  S ince  
t h e  on-board r o l l - r a t e  s enso r  appeared erratic dur ing  t h e  d a t a  pe r iod ,  no 
a t tempt  waa made t o  c o r r e l a t e  t h e s e  d a t a  wi th  the computed va lue .  
The sun senso r  d a t a  are spaced 5 IUS. 
Note t h a t  a - + 2-1/2 ms. e r r o r  i n  d e t e c t i n g  t h e  peak would provide  
The sun senso r  
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C.  CROSS-CORRELATION OF TM DATA WITH ANTENNA PATTERNS 
Each o f  t h e  fou r  antenna p a t t e r n  segments descr ibed  i n  Sec t ion  IV-B were 
cross-cor re la ted  with t h e  received s i g n a l  s t r e n g t h  d a t a  according t o  t h e  












t h e  index on t h e  quadrant of i n t e r e s t  
t h e  "lag" of i n t e r e s t  
t h e  mean of t h e  k t h  - quadrant 
t h e  s tandard  devia t ion  of t h e  k t h  - quadrant 
t h e  i t h  - p o i n t  on t h e  i n t e r p o l a t e d  p a t t e r n  * 
t h e  mean of t h e  lagged s i g n a l  s t r e n g t h  d a t a  i n t e r v a l  
t h e  i t h  - s i g n a l  s t r e n g t h  d a t a  p o i n t  
t h e  s tandard  devia t ion  of t h e  lagged s i g n a l  s t r e n g t h  
data interval. 
N i s  t h e  number of pu lses  i n  a 90" equiva len t  t i m e  i n t e r v a l  of t h e  s p i n  
r a t e  ( t h u s  t h e  maximum l a g ,  8N, corresponds t o  720 degrees ,  o r  two s p i n  c y c l e s ) .  
The e f f e c t  of changing antenna p a t t e r n  s i g n a t u r e  as a f u n c t i o n  of a s p e c t  
w a s  included i n  t h e  c a l c u l a t i o n .  A t i m e  h i s t o r y  of a s p e c t  a n g l e  w a s  prepared 
by not ing  t h a t  t h e  p r e f l i g h t  t r a j e c t o r y  and t h e  a c t u a l  t r a j e c t o r y  d i d  no t  
d i f f e r  s i g n i f i c a n t l y  except  f o r  an  approximate t i m e  l a g  of 7 seconds. Thus t h e  
a s p e c t  angles  computed during a previous program [Ref. 31 were s h i f t e d  7 seconds 
and u t i l i z e d .  Since t h e  antenna p a t t e r n s  taken were i n  t h e  anechoic chamber 
a t  d i s c r e t e  i n t e r v a l s  of a s p e c t ,  t h e  p a t t e r n  which w a s  c l o s e s t  t o  t h e  a s p e c t  
of i n t e r e s t  w a s  used i n  t h e  c ross -cor re la t ion  program. Figure 29 i n d i c a t e s  
t h e  a s p e c t  t i m e  h i s t o r y  and t h e  p a t t e r n s  used f o r  each t i m e  i n t e r v a l .  
* 
Each antenna 
r a t e  d iv ided  
p a t t e r n  w a s  in te rpola ted  a t  i n t e r v a l s  corresponding t o  t h e  s p i n  





































































C - I  Analys is  
The c ross -co r re l a t ion  funct ions were computed dur ing  t h e  pe r iod  from t 385 
seconds a f t e r  l i f t - o f f  t o  complete blackout  and are presented  i n  Appendix E. 
The p u l s e  i n j e c t i o n  per iods  are shown as they occur and are appropr i a t e ly  
des igna ted .  
t h e  beginning t i m e  of each f i g u r e  i n  seconds a f t e r  l i f t - o f f .  The h o r i z o n t a l  a x i s  
f o r  each f i g u r e  is  l abe led  i n  mil l iseconds of l a g  from t h i s  r e fe rence  t i m e .  
Ca re fu l  examination of success ive  f i g u r e s  w i l l  i n d i c a t e  t h a t  a n  approximate 
90 degree over lap  has been included, thus  t h e  d a t a  i n d i c a t e  a continuous 
c o r r e l a t i o n  func t ion  throughout the pe r iod  of i n t e r e s t .  
The number i n  t h e  upper l e f t  hand corner  of each f i g u r e  i n d i c a t e s  
Severa l  s i g n i f i c a n t  observat ions may be induced - from' t h e s e  func t ions  
. .  
A s  w a s  t h e  case f o r  t h e  a u t o c o r r e l a t i o n  func t ion  of t h e  s t a t i c  p a t t e r n s ,  
p e r i o d i c i t i e s  i n  the  o r i g i n a l  da t a  sets w i l l  reproduce i n  t h e  c ros s -co r re l a t ion  
func t ions .  Observe t h a t  t he  four-horn lob ing  and t h e  quadrapole i n t e r f e r e n c e  
frequency are q u i t e  pronounced ea r ly  i n  the  d a t a  set ( i . e .  385 seconds af ter  
l i f t - o f f ) .  
p e r i o d i c i t i e s  are noted t o  d e t e r i o r a t e  ( i .e.  TLO = 387.32 and subsequent) .  
A t  t h e  beginning of t h e  pu l se  per iods (TLo = 390.80) n o t i c e  t h e  apparent  
recovery of t h e  i n t e r f e r e n c e  frequency during t h e  pu l se  per iod .  
seen  more c l e a r l y  by not ing  the  effect of cyc le  5 pu l se  7 (T 
The c e n t e r  po r t ion  of t h i s  p u l s e  contains  peak-to-peak con t r ibu t ions  a t  t h i s  
frequency t h a t  are almost double those o u t s i d e  t h e  p u l s e  per iod .  Notice 
t h a t  cyc le  6 pu l se  5 (TLo = 405.88) reproduces n o t  only t h e  i n t e r f e r e n c e  
frequency b u t  a l s o  t h e  four-horn lobing. 
As t h e  c o r r e l a t i o n  progresses  i n t o  t h e  mission,  bo th  of t h e s e  
This  may be  
= 403.00). LO 
I n v e s t i g a t i o n  of t h i s  p a r t i c u l a r  pu l se  i n d i c a t e s  an  e f f e c t  which should 
be noted i n  o rde r  t o  i n t e r p r e t  c o r r e c t l y  t h e  c ros s -co r re l a t ion  func t ions  i n  
t h e  v i c i n i t y  of b lackout ,  A s  t h e  s i g n a l  a t t e n u a t e s ,  t he  i n j e c t i o n  per iods  
e s s e n t i a l l y  produce r ec t angu la r  pulses  of "recovery" i n  t h e  s i g n a l  s t r e n g t h  
da t a .  S ince  t h i s  fo rces  the  da t a  t o  be  h ighly  nons ta t ionary ,  t h e  cross-  
c o r r e l a t i o n  func t ions  may tend t o  b e  misleading. 
t i o n  p r i o r  t o  cyc le  6 pu l se  5 i s  f e l t  t o  be  a r e s u l t  of t h i s .  Comparison 
of t h e  behavior  of t h e  c ross -cor re la t ion  a t  cyc le  6 p u l s e  5 and cyc le  6 
p u l s e  2 with  the  corresponding per iods on t h e  d a t a  base  i n d i c a t e s  t h a t  
The apparent  h igh  cor re la -  
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Quadrant Number 
1 2 3 4 
TLO = 390.824 
TLO = 391.424 
TLO = 392.024 
TLO = 392.624 
TtO = 393.224 
Apparent lob ing  e f f e c t  on C-I1 mission. 
i n  t h e  t a b l e  are c o r r e l a t i o n  va lues  x lo3. 
shaded and ou t l ined  boxes are explained i n  t h e  




recovery on each pu l se  causes  t h e  s igna l - s t r eng th  d a t a  t o  be nons ta t iona ry  
i n  t h e  v i c i n i t y  of cyc le  6 p u l s e  5 and apparent ly  s t a t i o n a r y  i n  t h e  v i c i n i t y  
of c y c l e  6 p u l s e  2.  
p u l s e  does not  evidence t h e  long period of high c o r r e l a t i o n  p r i o r  t o  t h e  
p u l s e  but  r a t h e r  preserves  the  lobing e f f e c t  a t  low c o r r e l a t i o n  values .  
Notice  t h a t  the  c ros s -co r re l a t ion  p r i o r  t o  the  l a t te r  
A c a r e f u l  f n v e s t i g a t i o n  was conducted t o  see i f  t h e  c o r r e l a t i o n  func t ions  
i n d i c a t e d  t h e  lobe  sequencing as ind ica t ed  i n  t h e  pa t t e rn -pa t t e rn  c o r r e l a t i o n ,  
F igure  22. 
l obe  p a t t e r n s  are no t  s u f f i c i e n t l y  d i f f e r e n t  t o  make t h i s  effect  obvious* 
There i s  a p o s s i b i l i t y ,  however, t h a t  averaging peak c o r r e l a t i o n  va lues  over  
s e v e r a l  r o l l  cyc le s  would r e v e a l  t h i s  e f f e c t .  
This  sequencing has not y e t  been found, i n d i c a t i n g  t h a t  t he  fou r  
Some e f f e c t  on t h e  c o r r e l a t i o n s  e a r l y  i n  the  d a t a  may be p re sen t  due t o  
Note t h a t  both cycle  3 pu l se  7 and cyc le  4 pu l se  7 tend t o  
There i s  a l s o  a 
o r i f i c e  7 flow. 
decrease  t h e  amplitude of t h e  i n t e r f e r e n c e  lobe  frequency. 
decrease  i n  o v e r a l l  c o r r e l a t i o n  corresponding t o  cyc le  
p u l s e  3 .  
C - I 1  Analysis  
A similar a n a l y s i s  was  conducted on C - I 1  and i s  shown i n  Figure F-1 
f o r  t h e  t i m e  pe r iod  391-409 seconds a f t e r  l i f t - o f f .  The C - I 1  i nd ica t ed  a 
s t r o n g  t r end  toward r evea l ing  t h e  four-horn lob ing .  The assumption w a s  
made t h a t ,  i f  a c o r r e l a t i o n  va lue  w a s  w i t h i n  - + .025 of t h e  maximum i n d i c a t e d  
by t h e  d a t a ,  i t  could be  t h e  t r u e  peak cor rupted  by noise .  These 
close ' '  va lues  are  shown by dashed boxes f n  Figure 30, whi le  t h e  ind ica t ed  II 
peaks are shown by s o l i d  boxes. 
i n  e i t h e r  type  of box, i t  i s  designated a "h i t " .  
shown, t h e  r a t i o  of "h i t s "  t o  " h i t s  p l u s  misses'' i s  approximately 57%. 
( I f  t h e  choice  were completely random, t h e  expected r e s u l t  would b e  25% i n  
t h e  noise- f ree  case.) 
percentage w a s  noted t o  d e t e r i o r a t e  as i o n i z a t i o n  commences. 
If each lobe  c o r r e l a t i n g  wi th  i t s e l f  f a l l s  
For t h e  d a t a  i n t e r v a l  
Although the d a t a  are no t  inc luded  h e r e ,  t h i s  
Notice f u r t h e r  t h a t ,  wh i l e  the i n t e r f e r e n c e  frequency d e t e r i o r a t e d  r e l a t i v e l y  
e a r l y  i n  t h e  mission f o r  RAM C - I  ( i . e .  TLO = 387.32), i t  i s  q u i t e  w e l l  
preserved u n t i l  j u s t  p r i o r  t o  Beryllium cap e j e c t i o n  (approximately 405 
seconds af ter  l i f t - o f f ) .  F igure  31 i n d i c a t e s  t h i s  r a p i d  d e t e r i o r a t i o n  a t  






































































































Figure 32 p l o t s  t h e  peak-to-null amplitude of t h e  high frequency 
component i n  t h e  c ros s -co r re l a t ion  func t ions  f o r  both missions.  This  
p l o t  i n d i c a t e s  a genera l  d e t e r i o r a t i o n  of t h e  high-frequency n u l l  
s t r u c t u r e  beginning a t  approximately 397 seconds a f t e r  l i f t - o f f  
( W 2 3 0 , O O O  f e e t ) .  A t  t h i s  a l t i t u d e ,  t h e  X-band r e f r a c t i v e  index i s  j u s t  
beginning t o  decrease.  
C - I 1  p l o t  nea r  401 seconds is ,  as y e t ,  unknown, but  has  been noted t o  
correspond t o  the  t i m e  i n  t h e  da t a  base when t h e  number of maxima i n  
one-quarter cyc le  changes to  1 4  from 15. (See Sec t ion  VI -C . )  
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D. POWER SPECTRA OF THE TM DATA 
Power s p e c t r a  were computed from t h e  e d i t e d  d a t a  f o r  comparison wi th  
t h o s e  computed from t h e  s t a t i c  p a t t e r n s  and are included as Figures  33 and 34. 
The t i m e  i n  t h e  C-I mission f o r  each computation was s e l e c t e d  t o  immediately 
fo l low t h e  l a s t  p u l s e  of each cycle  wi th  t h e  except ion  of t h e  f i r s t  two 
cases which are p r i o r  t o  t h e  pulse  per iod .  These t i m e s  were s e l e c t e d  so as 
t o  avoid  the  n o n s t a t i o n a r i t y  introduced by t h e  -pulse' recovery i n  t h e  
h i g h l y  ion ized  reg ions ,  thus  providing more s t a b l e  spectral  estimates. 
The computation w a s  performed over one s p i n  cyc le  of d a t a ;  thus ,  t h e  
wave numbers correspond wi th  those shown f o r  t h e  s t a t i c  p a t t e r n s  i n  
Sec t ion  IV-C. 
component i n  parentheses  t o  t h e  l e f t  of t h e  p l o t .  
It should be noted t h a t  t h e  power s p e c t r a  p l o t s  show t h e  "DC" 
C - I  Analysis  
Examination of t h e  power spec t r a  i n d i c a t e s  t h a t ,  p r i o r  t o  t h e  onse t  
of i o n i z a t i o n ,  t h e  four-horn lobing and i n t e r f e r e n c e  f requencies  are 
ev iden t .  
c e n t e r s  a t  wave number 53; r e f e r r a l  t o  t h e  antenna p a t t e r n  s p e c t r a  i n d i c a t e s  
t h a t  t h i s  component occurs  a t  wave number 51  f o r  8 = 50' and wave number 55 
f o r  8 = 55". 
p r e f l i g h t  aspec t  ang le  t i m e  h i s to ry  descr ibed i n  Sec t ion  V-C. S imi l a r ly ,  
f o r  TLO = 388.00 t he  i n t e r f e r e n c e  lobe  component i n d i c a t e s  an a spec t  of 60'; 
a g a i n  agree ing  wi th  t h e  p r e f i i g h t  da t a .  
Notice  t h a t  f o r  TLO = 385.00, t h e  i n t e r f e r e n c e  lobe  frequency 
This  is i n  accord with the  8 = 55 aspec t  s e l e c t e d  from t h e  
A s  t h e  mission progresses ,  t h e  presence of i o n i z a t i o n  tends t o  smear 
t h e  s p e c t r a  u n t i l  t he  p a t t e r n  s igna tu re  i s  n o t  recognizable .  
t h e  important frequency components are s t i l l  ev iden t ,  i n d i c a t i n g  t h a t  t h e  
lob ing  s t r u c t u r e  i s  reasonably i n t a c t ,  
s o  t h a t  t h e  per iod  of s i g n a l  s t r eng th  d a t a  over  which t h e  spectrum w a s  computed 
i n d i c a t e s  a reduced average l e v e l  and a h ighe r  concen t r a t ion  of low frequency 
components (see t h e  d a t a  base  immediately fol lowing c y c l e  5 p u l s e  4 ) .  
TLO = 409.320, i o n i z a t i o n  has  s u b s t a n t i a l l y  reduced both t h e  average s i g n a l  
level  and has  smeared t h e  s i g n a l  energy ac ross  t h e  spectrum. 
A t  TLO = 401.320 
A t  TLO = 405.320,  i o n i z a t i o n  i s  commencing 
A t  
55 
56 
= 385.00  TLO 
(DC = 4 2 )  
= 388.00  *LO 
(DC = 42) 
2 
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Figure 3 3 .  Fourier components of the C-I  TM data a t  various t i m e  
intervals .  The horizontal ax is  i s  scaled i n  wave number 
where each wave number represents 3.09 cycles per second. . 
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Figure 33, (Concluded. ) 57 
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Figure 3 4 .  Fourier components of the C-I1 TM data a t  various t i m e  
intervals.  The horizontal ax is  i s  scaled i n  wave number 
where each wave number represents 3.09 cycles per second. 
The vert ica l  ax is  is  i n  db. 58 
C - I 1  Analysis  
Power s p e c t r a  were s i m i l a r l y  computed a t  one second i n t e r v a l s  dur ing  
t h e  C - I 1  mission and behave a s  the c ros s -co r re l a t ion  func t ions  p r e d i c t  i n  
r ega rd  t o  p a t t e r n  s igna tu re .  The four-horn lobe  component as w e l l  as t h e  
i n t e r f e r e n c e  f requencies  are w e l l  p reserved  up t o  t h e  t i m e  t h a t  t he  
Beryl l ium cap is  e j ec t ed .  
n e a r  30 db, i n d i c a t i n g  t h a t  no s i g n i f i c a n t  a t t e n u a t i o n  has occurred.  
cap was e j e c t e d  during t h e  d a t a  space covered by t h e  spectrum a t  T LO 
404.824.  Note t h e  sha rp  Loss i n  p a t t e r n  s i g n a t u r e  as w e l l  a s  t h e  onse t  of 
a p rogres s ive  loss i n  DC level,  i nd ica t ing  the  l o s s  of l obe  s t r u c t u r e  as 
w e l l  as s i g n a l  l e v e l .  
Also  n o t e  t h a t  t h e  "DC" component remains q u i t e  
The 
= 
A phenomenon occurs  during the d a t a  i n t e r v a l  covered by t h e  spectrum 
LO a t  T = 409.824 i n  which t h e  four-horn ' lobe s t r u c t u r e  i s  recovered and 
then  l o s t  i n  subsequent da t a .  
f o r  t h i s  t i m e  pe r iod  which clearly shows the  i n d i v i d u a l  lobes.  The reason 
f o r  t h i s  apparent  recovery i s  not understood a t  t h i s  t i m e .  This p a t t e r n  
i s  included as Figure 35. 
A p a t t e r n  w a s  recons t ruc ted  from the  da t a  
TLO = 394.824 
(DC = 31) 
= 395.824 TLO 
(DC = 31) 
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(DC = 31) 
TLO = 397.824 
(DC = 31) 
7 
Figure 3 4 .  (Continued). 
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F i g u r e  34 .  (Continued). 
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Figure 35. Reconstructed pattern at T = 4 0 9 . 8 2 4 .  LO 
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V I .  RAY TRACING MODEL 
A. INTRODUCTION 
The preceding a n a l y s i s  has  ind ica t ed  t h a t  t h e  c ros s -co r re l a t ion  of t h e  
s t a t i c  antenna p a t t e r n s  wi th  t h e  TM d a t a  i n d i c a t e s  s t rong ly  t h e  de t e r io ra -  
t i o n  of t h e  p a t t e r n  s i g n a t u r e  during plasma onse t .  However, a t tempts  t o  
p l a c e  q u a n t i t a t i v e  measures on plasma c h a r a c t e r i s t i c s  i nd ica t ed  l i t t l e  o r  
no success .  It w a s  decided t o  genera te  a s imple model of t h e  plasma t o  
p r e d i c t  t h e  plasma e f f e c t  on t h e  in te r fe rometer  s i g n a t u r e  i n  t h e  p a t t e r n  
n u l l  reg ions ,  and then  t o  compare t h i s  p r e d i c t i o n  wi th  the  d a t a  t o  estimate 
plasma parameters.  A n a t u r a l  extension (not  performed during t h i s  s tudy)  
would b e  t o  cons t ruc t  p red ic t ed  p a t t e r n s  f o r  va r ious  plasma shapes,  e t c . ,  
and t o  l e t  t h e  c ros s -co r re l a t ion  technique select t h e  b e s t  f i t t i n g  p a t t e r n  
f o r  u se  as a q u a n t i t a t i v e  measure of plasma shape, index of r e f r a c t i o n ,  e t c .  
Modeling t h e  vehicle-plasma s y s t e m  t o  inc lude  r e l a t i o n s  among such 
parameters  as e l e c t r o n  dens i ty ,  veh ic l e  r o l l  rate, ang le  of a t t a c k  and 
plasma th ickness  should al low comparison of t h e o r e t i c a l  c a l c u l a t i o n s  wi th  
a c t u a l  da ta .  
The c ross -sec t ion  of a r o t a t i n g  v e h i c l e  with antennas spaced 90" from 
each o t h e r  is  shown i n  F igure  36-a. 
l a r g e  d i s t a n c e  away compared wi th  veh ic l e  dimensions and wavelength, ttsees't 
only t h e  f a r  f i e l d  from two of t he  antennas a t  any i n s t a n t  of t i m e .  This 
f i e l d  w i l l  be  the  sum of two " loca l ly"  plane waves, and t h e  f i e l d  s t r e n g t h  
w i l l  depend on t h e  r e l a t i v e  amplitudes and phases of t h e  two component 
waves. S p e c i f i c a l l y ,  t h e  magnitude of t h e  f i e l d  depends on the  sum of t h e  
two i n d i v i d u a l  amplitude p a t t e r n s  o f  t h e  antennas,  t h e i r  i n i t i a l  phase,  
t h e  r e l a t i v e  d i s t a n c e  which each wave has  t o  travel; 'and t h e  amount of phase 
change experienced from antenna t o  observer .  I f  t h e  medium i s  a l l  f r e e  
space,  then each t i m e  t h e  v e h i c l e  r o t a t e s  enough t o  change t h e  pa th  
d i s t a n c e  d i f f e r e n c e  by one wavelength, t h e  observed f i e l d  s t r e n g t h  
w i l l  experience a relative maxima and a r e l a t i v e  minima, provided, of 
course ,  t h a t  t he  i n d i v i d u a l  horn p a t t e r n  i s  slowly varying compared 
t o  t h e  a r r a y  f a c t o r .  A normalized t h e o r e t i c a l  db p l o t  of a q u a r t e r  
The ground s i g n a l  observer ,  placed a 
' 
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Figure 36. Cross-sections of t h e  v e h i c l e  showing t h e  
ray t r a c i n g  geometry. 
s p i n  cyc le  record of s i g n a l  s t r e n g t h  f o r  a frequency of 9.210 GHz and a 
24.9 cm. r ad ius ,  assuming equal  phases a t  t h e  antenna a p e r t u r e s  and sin2 8 
i n d i v i d u a l  antenna p a t t e r n s ,  is  shown i n  F igure  37 as i t  would b e  recorded 
i f  t h e  observer w e r e  i n  t h e  p lane  of t h e  antennas (90" a spec t  ang le ) .  
Consider what happens when t h e  medium near  t h e  v e h i c l e  experiences 
a change i n  refractive index. 
v e h i c l e  i s  assumed t o  b e  homogeneous and i t s  o u t e r  boundary c i r c u l a r  i n  
c ross -sec t ion  with t h e  c e n t e r  co inc ident  wi th  t h e  r o l l  a x i s  (see Figure  36-a). 
A t  t h e  medium's i n t e r f a c e  wi th  f r e e  space,  S n e l l ' s  l a w  a p p l i e s  i f  t h e  
The medium immediately surrounding the  
68 
r a d i u s  of curva ture  is  l a r g e  when compared wi th  a wavelength ( i n  t h e  case 
of t h e  RAM veh ic l e ,  t h e  r a d i u s  of curva ture  of t h e  o u t e r  plasma boundary 
a t  t h e  X-band antenna i s  about t e n  t i m e s  t h e  X-band wavelength).  There- 
f o r e ,  
nl s i n  al = no s i n  a 
0’ 
where n 1, al, are t h e  r e f r a c t i v e  index and ray angle  f o r  t h e  plasma and 
n a are t h e  free-space parameters.  I f  t h e  medium has a h ighe r  index 
of r e f r a c t i o n  (n  ) than f r e e  space (n 
a 
w i l l  be  observed. = 1, then  one would expect  no r e f r a c t i o n ,  as 
i l l u s t r a t e d  by t h e  center ray path.  For n < n > a and t h e  ray w i l l  
bend i n  toward a l i n e  from t h e  center  of curva ture  t o  t h e  observer .  The 
l a t t e r  i s  t h e  case f o r  a c o l l i s i o n l e s s  plasma, i .e.  t h e  r e f r a c t i v e  
index decreases  from 1 t o  0 as e l e c t r o n  concent ra t ion  approaches t h e  
c r i t i ca l  dens i ty .  The r e f r a c t i v e  index,  a long wi th  t h e  p o s i t i o n  of t h e  
antenna,  t h e  l o c a t i o n  of t h e  outer  boundary, and t h e  d i r e c t i o n  of t h e  
observer ,  de f ines  a unique r a y  path from t h e  antenna t o  t h e  observer .  
0’ 0’ 
= l ) ,  tben one would expect 
1 0 
t o  be  l a r g e r  than  al and t h e  ray pa th  shown i n  F igure  36-a 
0 
I f  nl = n 
0 
1 0’ al 0 
For a plasma wi th  index of r e f r a c t i o n  less than  one, t h e  rays  from 
antennas 1 and 2 w i l l  bend i n  toward one another  as i n  F igure  36-b and 
the  d i f f e r e n c e  i n  d i s t ance  t h a t  the rays  t r a v e l  i n  f r e e  space  w i l l  
be  less than without  t he  plasma. Also, s i n c e  t h e  wavelength of a 
p a r t i c u l a r  frequency wave i s  longer i n  a medium wi th  r e f r a c t i v e  index 
less than one, t h e  d i s t ance  i n  wavelengths i n  t h e  medium from antenna 1 
t o  t h e  plasma-air  i n t e r f a c e  minus the  d i s t a n c e  of antenna 2 i n  wavelengths 
from i t s  boundary i n t e r s e c t i o n  w i l l  be  less than i t  would be  f o r  f r e e  
space, It would be expected, then, s i n c e  t h e  relative maxima and minima are 
dependent on changes i n  pa th  d i f f e rences  on the  o r d e r  of a wavelength, t h a t  fewer 
minima and maxima would occur  p e r  s p i n  cyc le  i n  plasma than  i n  f r e e  space.  
A mathematical  d e s c r i p t i o n  of t h e  geometry i n  F igure  36-b, then ,  provides  
a r e l a t i o n  between t h e  number of n u l l s  i n  a q u a r t e r  s p i n  cyc le  and t h e  
shape and dens i ty  of t h e  p lasma.  
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Because the r een t ry  v e h i c l e  i s  known t o  have a non-zero a n g l e  of 
a t t a c k ,  a f i r s t - o r d e r  ex tens ion  of t h e  model t o  s imula t e  rea l i s t ic  
condi t ions  i s  t o  use an e l l i p s e  as a plasma o u t e r  boundary c ross -sec t ion .  
The n e t  r e s u l t  of c a l c u l a t i o n s  based on t h i s  geometry i s  an unsymmetrical 
n u l l  spac ing  i n  each q u a r t e r  s p i n  cyc le .  
t h e  r ay  from antenna 2 travels i n  a i r  f a r t h e r  than dqes t h e  ray from 
antenna 1, i . e .  BO < DO, and the  cu rva tu re  around D is g r e a t e r  than  
t h e  cu rva tu re  around B .  Thus, f o r  small r o t a t i o n  ang le  "a", t h e  d i s t a n c e  
DO w i l l  decrease r a p i d l y ,  whereas t h e  d i s t a n c e  BO w i l l  be  r e l a t i v e l y  
cons tan t .  But f o r  r o t a t i o n  angles  g r e a t e r  than,  s ay ,  4 5 " ,  t h e  d i s t a n c e  
DO changes less r ap id ly  and aga in  BO w i l l  be  r e l a t i v e l y  cons t an t .  This 
r e s u l t s  i n  c lose r  n u l l  spac ing  i n  t h e  f i r s t  h a l f  of a q u a r t e r  s p i n  cyc le  
than  i n  t h e  second h a l f .  A model which uses t h i s  geometry provides  
r e l a t i o n s  between n u l l  spacing as w e l l  as number, e l e c t r o n  d e n s i t y ,  
plasma th ickness ,  and angle  of a t t a c k .  An example of t h e  e f f e c t  of a n  
e l l i p t i c a l  plasma cross-sec t ion  on a t h e o r e t i c a l  antenna p l o t  can be 
seen by examination of Figure 37. 
t he  i n t e r f e r e n c e  reg ion  during no-plasma cond i t ions ,  whi le  t h e  upper 
trace i n d i c a t e s  t h e  s h i f t  i n  n u l l s  f o r  a r e f r a c t i v e  index of 0 .2  and an 
e l l i p t i c a l  plasma cross-sec t ion  wi th  a maximum o u t e r  boundary d i s t a n c e  
of 1 3  cm. and a minimum d i s t a n c e  of 2 cm. The c e n t e r  maximum f o r  t h e  
in-plasma case is not  a t  45' b u t  i s  s h i f t e d  two degrees  toward lower 
angles ;  t h e  f i r s t  and las t  maxima are no t  t h e  same n d e r  of 
degrees from 0" and 90" as they would be  i n  a no-plasma case. 
As can be  seen  i n  F igure  36-c, 
_ _  
9 
The bottom t r a c e  on Figure  37 i n d i c a t e s  
B. DEVELOPMENT OF THE RAY PATH MODEL 
For t h e  sake of c l a r i t y ,  t h e  model development is  descr ibed  h e r e  
without  t h e  d e t a i l e d  mathematics t h a t  are referenced i n  t h e  appendices.  
The vehicle-plasma system w a s  approximated i n  t h e  reg ion  around 
the  X-band antennas by a geometry of two r i g h t  c i r c u l a r  cones,  one 
r ep resen t ing  t h e  reentry v e h i c l e  and t h e  o t h e r  r ep resen t ing  t h e  o u t e r  
edge of t h e  plasma. The o u t e r  cone o r  "plasma cone" a x i s  w a s  r o t a t e d  
with r e spec t  t o  t he  "vehic le  cone" by an angle  corresponding t o  t h e  
ang le  of a t t ack .  The axis of r o t a t i o n  w a s  chosen through t h e  c e n t e r  
- -  
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Figure 37. One-quarter cycle  interference region for indicated refractive 
index and aspect angle. 
plasma cross-section (minimum distance of outer boundary 3 cm. 
and maximum distance 13 cm.). 
Shifts  i n  maxima due to e l l i p t i c a l  












of t h e  nose hemisphere i n  o rde r  t o  p re se rve  the  d i s t a n c e  between plasma 
cone and v e h i c l e  cone i n  the  region around t h e  v e h i c l e  nose ( see  Figure 3 8 ) .  
The equat ion  of t h e  plasma cone was found (Appendix G )  i n  terms of t h e  
a n g l e  of at tack "A", which was assumed t o  be  less than  l o o ,  t h e  v e h i c l e  
dimensions,  and t h e  nominal d i s tance  of t h e  plasma cone from t h e  v e h i c l e  
body a t  two p laces :  1 )  t h e  i n t e r s e c t i o n  of t h e  nose hemisphere and v e h i c l e  
cone, and 2) a t  t h e  X-band antennas. 
I n  o rde r  t o  make t h e  model mathematically t r a c t a b l e ,  a c ross -sec t ion  
w a s  taken i n  the  p lane  of t h e  X-band antennas ( see  F igure  38, Sec t ion  
A-A), and c a l c u l a t i o n s  of ray  path l eng ths  were made using t h i s  two- 
dimensional s i m p l i f i c a t i o n .  The aspec t  angle  "8" o r ,  as i t  i s  used he re ,  
t h e  ang le  between t h e  v e h i c l e  t r a j e c t o r y  and t h e  vec to r  from v e h i c l e  t o  
observer ,  w a s  taken i n t o  account by a f a c t o r  of s i n  0 i n  t he  phase 
of t h e  r a d i a t i o n  t e r m ,  as w i l l  be shown la te r .  This  i s  the  pk.oper 
incorpora t ion .  of aspec t  angle  i n t o  the  model w i t h o u t . t h e  plasma 
shea th  bu t  is  an approximation i n  t h e  plasma model. 
Ca lcu la t ions  of ray path loca t ions  and r e l a t i v e  l eng ths  were made 
i n  t h e  fol lowing manner. The equat ion of t h e  plasma cone w a s  so lved  
f o r  maximum and minimum d i s t ances  between t h e  cone and t h e  v e h i c l e  
body i n  the  plane of the X-band antennas (see Appendix G ) .  The maximum 
and minimum d i s t ances  were then  used t o  spec i fy  t h e  parameters of an  
e l l i p s e ,  which w a s  used as the  plasma o u t e r  boundary i n  two dimensions 
( see  Appendix H f o r  more d e t a i l ) .  
course,  an antenna, the  coordinates  of which were found as a func t ion  
of r o l l  angle  "a'' i n  t h e  coordinate  system shown i n  Figure 38. 
d i r e c t i o n  of t h e  ray a f t e r  emerging from t h e  plasma w a s  t he  d i r e c t i o n  
of t h e  observer  from t h e  v e h i c l e  and w a s  expressed i n  terms of a spec t  
and e l e v a t i o n  angles .  The unknowns i n  determining t h e  r a y  pa th ,  then,  
were t h e  coord ina tes  of t h e  i n t e r s e c t i o n  of t he  ray and t h e  e l l i p s e  
r ep resen t ing  the  plasma o u t e r  boundary. 
w a s  combined s imultaneously wi th  S n e l l ' s  l a w  t o  ob ta in  an i m p l i c i t  
func t ion  of one v a r i a b l e  which was so lved  by a computer technique.  
The o r i g i n  of a ray pa th  w a s ,  of 
The 
The equat ion  of t h e  e l l i p s e  
The ray path having been determined, t h e  o p t i c a l  pa th  l eng th  w a s  found by 




cone equat ion  was used as t h e  o u t e r  boundary and S n e l l ' s  l a w  w a s  s t a t e d  
i n  t h r e e  dimensions, y i e lded  t h r e e  cubic  equat ions  i n  t h r e e  unknowns, 
s o l u t i o n  of which appeared beyond t h e  scope of t h i s  e f f o r t .  
and more general  method which a l s o  m e t  w i th  complicat ions was t o  r ep lace  
S n e l l ' s  l a w  with Fermat 's  p r i n c i p l e  and t o  minimize t h e  o p t i c a l  pa th  
using Jacobians.  
form of t h e  plasma p r o f i l e  as a v a r i a b l e  i n  pa th  de te rmina t ion  and l eng th ,  
and warran ts  f u r t h e r  i n v e s t i g a t i o n .  
I n  o r d e r  to apply S n e l l ' s  l a w ,  t h e  plasma e l e c t r o n  dens i ty  p r o f i l e  
The three-dimensional equ iva len t  of t h i s  problem, wherein t h e  
Another 
This method has  t h e  advantage of accept ing  a f u n c t i o n a l  
w a s  assumed t o  b e  e s s e n t i a l l y  a s t e p  func t ion .  This, of course ,  is  a t  
b e s t  an  approximation, a l though some j u s t i f i c a t i o n  w a s  ob ta ined  by 
examining t h e  t h e o r e t i c a l  flow f i e l d  c a l c u l a t i o n s  [Ref 41 , which 
i n d i c a t e  
as 10 cm.  The j u s t i f i c a t i o n  f o r  us ing  a cons tan t  e l e c t r o n  d e n s i t y  
p r o f i l e  i s  t h a t  through proper  i d e n t i f i c a t i o n  i t  can be used t o  
r ep resen t  o ther  p r o f i l e s ,  as w i l l  be shown. 
e l e c t r o n  dens i ty  p l o t s  which are f a i r l y  cons tan t  f o r  as much 
The o p t i c a l  l ength  i n  a medium whose p r o p e r t i e s  change along t h e  
pa th  of t h e  r a y  is  
where r is  t h e  ray path and n ( r )  is  t h e  r e f r a c t i v e  index a t  t h e  
po in t  r .  Although t h e  use of o p t i c a l  l ength  assumes s m a l l  wavelength 
wi th  respect t o  e l e c t r o n  dens i ty  g rad ien t  (no t  s t r i c t l y  t r u e  f o r  t h i s  
a n a l y s i s ) ,  t h e  phase of t he  t r ansmi t t ed  wave w i l l  behave according t o  
t h e  o p t i c s  theory [ R e f -  51. 
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The phase f a c t o r  f o r  t h e  i n t e r a c t i o n  ( n u l l  producing) term f o r  two 
antennas ( see  Figure 39) i s  
where n 
of r e f r a c t i o n  along pa th  2.  
i s  t h e  index of r e f r a c t i o n  along pa th  1 and n2 i s  t h e  index 
A s i m p l i f i c a t i o n  can b e  made h e r e  i f  i t  
1 
i s  assumed t h a t  t he  e l e c t r o n  densi ty  of t h e  plasma shea th  has  t h e  same 
f u n c t i o n a l  form along a body normal on t h e  windward o r  leeward s i d e .  
That i s ,  i s o l i n e s  of e l e c t r o n  dens i ty  can be  drawn around t h e  v e h i c l e  
in t h e  p l ane  of t h e  X-band antennas.  A l l  ray pa ths  w i l l  experience 
n e a r l y  t h e  same p r o f i l e  of e l e c t r o n  dens i ty  except  t h a t  t h e  scales 
a long  t h e  d i r e c t i o n  of t h e  r ay  path w i l l  be d i f f e r e n t .  
I f  t h e  d i s t r i b u t i o n  of e l ec t ron  dens i ty  is  known a t  t h e  body 
normal, t hen  t h e  index of r e f r a c t i o n  can be  der ived.  For a c o l l i s i o n -  
less e l e c t r o n  plasma, 
N e  c r i t  n =  
where N e  c r i t  i s  t h e  plasma cutof f  dens i ty  f o r  a p a r t i c u l a r  frequency. 
Body 
tron Dsnslty Isollnrs 
Body Normal 
t 1 Diatance Along 
t B O ~ Y  Normal * 
Figure  39. Plasma p r o f i l e  geometry. 
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L e t  x be the d i s t a n c e  along t h e  body normal and t h e  plasma t h i c k n e s s  
be  c a t  t h a t  normal, then  t h e  o p t i c a l  d i s t a n c e  experienced by a r a y  
t r a v e l i n g  along t h e  normal w i l l  be  
x 0 -1 n(x) dx 
0 
i n  t h e  plasma. 
The o p t i c a l  d i s t a n c e  o f ,  s ay ,  t h e  ray from antenna 2 whi le  i n  
plasma w i l l  then be 
b 
C b 
t C I n  t h e  l a s t  i n t e g r a l ,  l e t  5 = - x then dx = - dS and t h e  upper l i m i t  
C on 5 w i l l  b e . g  * b = c y  i . e .  
From t h i s  i t  can be  seen t h a t  o p t i c a l  l e n g t h s  
r e l a t e d  by t h e  r a t i o  of t h e i r  a c t u a l  l eng ths .  
along s t r a i g h t  p a t h s  are 
For computational ease, a homogeneous plasma was assumed ( s e e  
bottom of Figure 39) i n  t h i s  case 
C 
ndx = ne J 0 
because n i s  constant .  
r e f r a c t i o n  i f  w e  s e t  nc = .r n(x)dx,  then 
n can be  i n t e r p r e t e d  as an  average index of 
C 
0 
,=L C 1 n(x)dx . 
0 
The phase f a c t o r  then becomes 
76 
where r and r are t h e  remainders of t h e  d i s t ances  from t h e  p o i n t s  of 
i n t e r s e c t i o n  of I' and r wi th  the o u t e r  plasma boundary t o  t h e  observer .  
The model computes t h i s  phase f a c t o r  f o r  q u a r t e r  s p i n  cyc le  pe r iods ,  
10 20 
1 2 
y i e l d i n g  maxima and minima loca t ions .  
Under t h e  assumptions which have been made he re ,  t h e  q u a n t i t i e s  
which a f f e c t  t h e  phase d i f f e r e n c e  of t h e  r a d i a t i o n  from two antennas are 
t h e  average index  of r e f r a c t i o n ,  the in-plasma path d i f f e r e n c e  and t h e  
f r e e  space  path d i f f e r e n c e ,  not t h e  p r o f i l e  form of t h e  plasma. 
A rough estimate of the  average plasma dens i ty  can be  made by 
assuming t h a t  t he  r ad ius  of curva ture  of t h e  plasma boundary is  l a r g e  
enough so  t h a t  t h e  ray pa ths  a r e  s t r a i g h t  and t h a t  t h e  d i f f e r e n c e  i n  
f r e e  space  pa ths  is  a constant .  This is  accomplished by ignor ing  the  
f r e e  space  d i s t a n c e  d i f f e rences  r - r and l e t t i n g  a - b equal  50 cm. 
o r  twice t h e  r ad ius  a t  t h e  X-band antennas f o r  a r o t a t i o n  of a q u a r t e r  
cyc le .  
cyc le  w i l l  be  
10 20 
The number of antenna maxima t h a t  w i l l  be  seen  i n  a q u a r t e r  
n(a - b, = Number of Nulls  
AO 
(No. of Nulls)  3.257 cm. , n =  50 cm. Y 
45.64 . 14 n u l l s  corresponds t o  -= .9 index of r e f r a c t i o n  and 12 n u l l s  
corresponds t o  . 8  index of r e f r a c t i o n .  
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The preceding a n a l y s i s  d id  not t ake  i n t o  account f a c t o r s  such as 
a spec t  angle ,  f r e e  space d i f fe rences  i n  pa th  l e n g t h s ,  and plasma o u t e r  
boundary shape, b u t  i t  does demonstrate t h e  p o s i t i v e  c o r r e l a t i o n  of t h e  
number of n u l l s  and t h e  index  of r e f r a c t i o n .  It may be  noted h e r e  t h a t  
t h i s  estimate becomes more accura te  as t h e  plasma becomes wider ,  because 
f r e e  space pa th  l eng th  d i f f e rences  are minimized. The a spec t  angle  
v a r i e s  t h e  shape of t h e  e l l i p t i c a l  c ross -sec t ion  b u t  no t  t h e  average 
width,  and thus  tends t o  s h i f t  p a t t e r n  maxima w i t h i n  a q u a r t e r  cyc le  
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per iod  and does no t  a f f e c t  t h e  number of maxima p resen t .  
space d i f f e rences  i n  path l eng th  which are determined by plasma width 
and dens i ty  w i l l  a f f e c t  t h e  number of maxima p resen t .  
width i s  determined by t h e  nominal d i s t a n c e  of t h e  o u t e r  plasma boundary 
from t h e  veh ic l e  and i s  a model i npu t .  
However, f r e e  
The average 
C. COMPARISON OF MODEL AND DATA 
S p e c i f i c  model i npu t s  are summarized below: 
1. Angle of a t t a c k  
2 .  Nominal d i s t a n c e  of ou te r  plasma boundary from two 
p laces  on the  v e h i c l e  body (Figure 38) 
3 .  Average index of r e f r a c t i o n  
4 .  Aspect angle  
5. Phase d i f f e r e n c e  between antennas,  no-plasma condi t ions .  
The outputs  were maxima l o c a t i o n s  per  q u a r t e r  s p i n  c y c l e  and s imulated 
q u a r t e r  cyc le  p a t t e r n s  (Appendix J) f o r  t h e  p a r t i c u l a r  condi t ions  chosen 
f o r  model inputs  as fo l lows:  
1. 5" angle  of a t t a c k  
2 .  2 cm. nominal d i s t a n c e  from nose (L i n  F igure  38) and 1 
8 cm. nominal d i s t a n c e  from X-band antennas (L i n  F igure  38) 
3 .  Ind ices  of r e f r a c t i o n  ranging from 0.2 t o  1 . 2  i n  s t e p s  of 0 .2  
4 .  Aspect angles  varying from 75" t o  90" i n  5" increments 
( t h e  model i s  symmetric about a 90" a spec t  ang le ,  so  t h e  
range i s  equ iva len t ly  75" t o  105") 
2 
5. Phases of antennas were assumed t o  be  equal  a t  each a p e r t u r e .  
Number of Maxima 
The ana lys i s  technique w a s  t o  compare numbers of maxima i n  t h e  
v i s i c o r d e r  X-band s i g n a l  s t r e n g t h  record a t  chosen t i m e s  wi th  t h e  model 
cases f o r  d i f f e r e n t  i nd ices  of r e f r a c t i o n ,  i n  o rde r  t o  arr ive a t  an 
average e l ec t ron  dens i ty  a t  each t i m e .  P lasma probe 2 ,  probe 8, and 
r e f l ec tomete r  d e n s i t i e s  are presented  f o r  comparison. The i n p u t s  important 
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ELECTRON DENSITY a 10" ELECTRONS/cm3 
Figure 40. Electron density versus refractive index as  
calculated from the formula shown. 
. -  
TIME IN SECONDS AFTER LAUNCH 
Figure 41. RAM C - I 1  aspect and elevation angles versus time 
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i n  determining t h e  number of maxima are t h e  average plasma width 
(determined by inpu t  2 above),  t h e  average index of r e f r a c t i o n ,  and t h e  
a s p e c t  angle .  
A t  395 seconds a f t e r  launch, probe and r e f l ec tomete r  da t a  
11 
show e l e c t r o n  d e n s i t i e s  fewer than 10 e l e c t r o n s  p e r  
cub ic  cent imeter .  Reference t o  Figure 40 i n d i c a t e s  t h e  index of 
r e f r a c t i o n  should be  one, and Figure 4 1  i n d i c a t e s  t h e  a spec t  ang le  t o  be  
about  75". The t h e o r e t i c a l  va lue  f o r  t hese  condi t ions  (Appendix I) 
i n d i c a t e s  t h a t  15 maxima should be p re sen t .  
ends should both be  v i s i b l e  i n  the  d a t a  because t h e  antennas i n  r e a l i t y  
are n o t  of equal  phase,  and the  main lobe  (a t  0" and 90") w i l l  no t  
o b l i t e r a t e  t h e  n u l l  between the  two maxima. 
of t h e  v i s i c o r d e r  record around 395 seconds and, as can be seen ,  i t  does 
have a maxima count of 15. 
The two maxima c l o s e  t o  the  
Figure 42 shows a s e c t i o n  
A t  401 seconds a f t e r  launch, the  number of maxima pe r  q u a r t e r  cyc le  
i n  t h e  s i g n a l  s t r e n g t h  d a t a  becomes a s t eady  1 4  (F igure  43) which, i n  the  
model, corresponds t o  an average index of r e f r a c t i o n  of 0 .8  o r  an  average 
e l e c t r o n  dens i ty  of about 3 .7  x 10 
Reflectometer  d a t a  i n d i c a t e s  a peak e l e c t r o n  dens i ty  of 3.5 x 10l1 e l e c t r o n s  
p e r  cubic  cent imeter ,  probe 2 i nd ica t e s  3.7 x l o l l ,  and probe 8 i n d i c a t e s  
8 x 10l1 e l e c t r o n s  p e r  cubic  cent imeter .  
11 e l e c t r o n s  p e r  cubic  cent imeter .  
Th i r t een  maxima begin showing up i n t e r m i t t e n t l y  a t  404 seconds ( see  
F igure  44). 
should be between 0.6 and 0.8.  The most l i k e l y  va lue  is s l i g h t l y  more 
than  0.7,  which corresponds t o  a n  average e l e c t r o n  dens i ty  of 5.4 x 10 
e l e c t r o n s  pe r  cubic  cent imeter .  
e l e c t r o n  dens i ty ,  probe 8 ind ica t e s  above and probe 2 i n d i c a t e s  5 x 10 . 
According t o  t h e  model, t h e  average index of r e f r a c t i o n  
11 
Reflectometer da t a  i n d i c a t e s  5.6 x 10l1 peak 
11 
An i n t e r e s t i n g  po in t  i n  the  data  occurs  a t  404.86 seconds a f t e r  
l i f t - o f f  (F igure  45-a), where t h e  s i g n a l  i s  n e a r l y  l o s t  f o r  approximately 
30 m s .  
w a s  prev ious ly  c a l c u l a t e d  t o  be 5.4 x 10l1 e l e c t r o n s  p e r  cubic  cent imeter  
because the  number of maxima was 1 4 ,  wi th  an  i n t e r m i t t e n t  13. Immediately 
a f t e r  f u l l  s i g n a l  s t r e n g t h  is  regained, t h e  number of maxima is  10, 11, 
then  a s teady  12 ,  corresponding t o  i n d i c e s  of r e f r a c t i o n  of 0.2,  0.4, and 
Immediately be fo re  t h e  s i g n a l  l o s s ,  t h e  average e l e c t r o n  dens i ty  
81 
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between 0.6 and 0.4 r e spec t ive ly .  Average e l e c t r o n  d e n s i t i e s ,  according 
t o  t h e  model, go from 1 x 10 
7.9 x 10l1 immediately a f t e r  t h e  s i g n a l  loss. 
i s  be l ieved  t o  be  a sudden increase  i n  plasma e l e c t r o n  conten t .  
12 
e lec t rons  pe r  cubic  cent imeter  t o  about 
The reason f o r  t h i s  change 
The number of maxima s t a y s  r e l a t i v e l y  cons tan t  a t  12 p e r  q u a r t e r  
s p i n  cyc le  u n t i l  406.35 seconds a f t e r  l i f t - o f f ,  when t h e  maxima are  
uncountable.  P a t t e r n  c h a r a c t e r i s t i c s  r e t u r n  t o  t h e  da t a  a t  407 seconds,  
when 11 maxima are countable  (Figure 46 ) ,  corresponding t o  an  average 
r e f r a c t i v e  index of .4 o r  an average e l e c t r o n  dens i ty  of 8 . 7  x 10 
e l e c t r o n s  p e r  cubic cent imeter .  The number of maxima becomes d i f f i c u l t  
t o  determine a f t e r  t h i s  po in t ,  and a n a l y s i s  by use of t h e  vehicle-plasma 
model w i l l  r e q u i r e  ref inements ,  poss ib ly  by in t roducing  s t a t i s t i c a l  
models. 
11 
P l o t t e d  i n  Figure 47 is a summary of model r e s u l t s  f o r  t h e  per iod  
of t i m e  from 397 t o  407 seconds a f t e r  l i f t - o f f .  
shown re f l ec tomete r ,  probe 2 and probe 8 po in t s  f o r  comparison wi th  the  
model c a l c u l a t i o n s .  
On the  same p l o t  are 
Note t h a t  t h e  model po in t s  a r e  extremely c l o s e  t o  r e f l ec tomete r  
p o i n t s  u n t i l  t h e  bery l l ium cap  e j e c t i o n ,  when the  sharp  s p i k e  observed 
i n  t h e  model d a t a  i s  no t  ev ident  i n  the  f a i r e d  r e f l ec tomete r  d a t a ,  b u t  can 
be observed i n  a f t  s t a t i o n  r a w  data  [Ref. 4 1 .  
S h i f t s  of Maxima Locations 
For a plasma unsymmetric about t h e  v e h i c l e  r o l l  a x i s ,  t h e  maxima 
l o c a t i o n s  w i l l  s h i f t  and t h e  p a t t e r n s  w i l l  become unsymmetrical. 
Figure 37 shows an example of t h e  s h i f t s  t o  be  expected i n  a 
p a r t i c u l a r  case as noted on t h e  f igu re .  Note t h a t  t he  l as t  maximum 
be fo re  the  90" p o i n t  is  d isp laced  approximately 13" from g o " ,  wh i l e  t h e  
f i r s t  maximum a f t e r  0" i s  displaced 8" from t h e  0" po in t .  This  e f f e c t  
can be observed i n  t h e  da t a  by in spec t ion  of Figure 45-b. I n  t h i s  
f i g u r e ,  no te  t h a t  t h e  maxima between p o i n t  "atr and po in t  "b" are c l o s e r  
t oge the r  n e a r e r  t o  "a" than t o  "b". Because of u n c e r t a i n t i e s  i n  t h e  




































































































results from a single maximum shift can be misleading. 
limitations of time and effort during this phase of the study, 
quantitative results regarding the plasma shape have not been 
achieved. 
future investigation. 
Thus, due to 
It is felt, however, that this is a promising area for 
85 
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MATERIAL INJECTION PULSE TIMES 
T h e  fol lowing table lists t h e  p u l s e  times obtained from Ref. 13) .  

















































































CYCLE PULSE TIME TIME -- 
5 3 404.59 44590 
4 405.09 45090 
6 5 406.09 46090 
6 406.59 46590 
7 407.09 47090 
1 407.59 47590 
2 408.09 48090 
3 408.59 48590 
4 409.09 49090 
7 5 410.09 50090 
6 410.59 50590 
7 411.09 51090 
1 411.59 51590 
2 412.09 52090 
3 412.59 52590 
4 413.09 53090 
8 5 414.09 54090 
6 414.59 54590 
7 415.09 55090 
1 415.59 55596 
2 416.09 56090 
each p u l s e  i s  of approximate 




DOCUMENTS OBTAINED DURING STUDY 
The fol lowing lists t h e  d a t a  obtained from LRC f o r  performance of 
t h e  s tudy .  Except where noted,  the d a t a  were obtained f o r  both missions.  
1. X-Band S igna l  S t rength  Time His tory  
a. 7 t r a c k  d i g i t a l  t ape  
b.  Tabular da t a  
c. Vis icorder  record  
2. F62-4064, Payload Descr ip t ion  Document f o r  F l i g h t  RAM C-I 
F62-4065, Payload Descr ip t ion  Document f o r  F l i g h t  RAM C - I 1  
3. FPW-6 Radar Track Data 
a. 7 t r a c k  d i g i t a l  t ape  
b. Tabular d a t a  
4. X-Band Telemetry Antenna P a t t e r n s  
a. 8 c u t  h o r i z o n t a l  p o l a r i z a t i o n  
b. 8 c u t  vertical p o l a r i z a t i o n  
c. 0 cu t  h o r i z o n t a l  p o l a r i z a t i o n  
5. X-Band VSWR Data (C-I Only) 
a. Vis icorder  record 
b. Tabular d a t a  
c. P l o t t e d  d a t a  
6. Reflectometer  Data 
a. Ka band 
b. X band 
c. S band 
d .  L band 
B- 1 
7.  RAM-C Payload Configurat ion 
8. Elec t ron  Data of Flow F i e l d  
9. LRC F l i g h t  Parameter Data 
10. Ablat ion T i m e  His tory  ( C - 1 1  Only) 
B- 2 
APPENDIX C 
SLIDING AUTOCORRELATION FUNCTIONS 
(TM DATA WITH TM DATA) 
C-I M I S S I O N  
Figures  C-1 through C-4  a r e  a u t o c o r r e l a t i o n  func t ions  of t h e  TM 
d a t a  w i t h  t h e  TM d a t a  as discussed i n  Sec t ion  V-B. Each f i g u r e  starts 
a t  a d i f f e r e n t  t i m e  i n  t h e  d a t a  base. These c o r r e l a t i o n  func t ions  were 
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SLIDING AUTOCORRELATION FUNCTIONS 
(TM DATA WITH TM DATA) 
C - I 1  MISSION 
This appendix conta ins  data s i m i l a r  t o  t h a t  descr ibed  i n  Appendix C 
except  t h a t  i t  was computed fo r  the C - I 1  mission.  Figures  D-1  through 
D-4 are a u t o c o r r e l a t i o n  func t ions  of t h e  TM d a t a  w i t h  t h e  TM d a t a  as 
d iscussed  i n  Sec t ion  V-B. Each f i g u r e  s t a r t s  a t  a d i f f e r e n t  t i m e  i n  
t h e  d a t a  base.  These c o r r e l a t i o n  func t ions  were used t o  determine 
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CROSS-CORRELATION OF THE TM DATA AND THE ANTENNA PATTERN QUADRANTS 
C-I MISSION 
The following d a t a  (Figure E-1) i s  a s l i d i n g  c ross -co r re l a t ion  of 
t h e  TM d a t a  wi th  fou r  quadrants of t h e  antenna p a t t e r n  as descr ibed  i n  
Sec t ion  V-C. The t i m e  scale i s  r e f e r r e d  t o  l i f t - o f f .  
I n  i n t e r p r e t i n g  t h e  c ros s -co r re l a t ions ,  i t  i s  important t o  n o t e  t h a t  
t h e  t i m e  base r e f e r s  t o  t h e  lag of t h e  p a t t e r n  d a t a  wi th  r e s p e c t  t o  t h e  
TM d a t a .  A t  t i m e  ze ro ,  then, a t i m e  equ iva len t  of 90’ of p a t t e r n  da t a  
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CROSS-CORRELATION OF THE TM DATA AND THE ANTENNA PATTERN QUADJUNTS 
C-I1 MISSION 
The following data are similar to  that included i n  Appendix E except 
that they have been computed for the C - I 1  mission, using the RAM C-11 
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THREE-DIMENSIONAL VEHICLE/PLASMA GEOMETRY 
The equat ion  of a cone wi th  a c i r c u l a r  CLJOSS s e c t i o n  and a x i s  
of symmetry co inc ident  w i th  t h e  Y-axis as i n  Figure G-1 i s  
X2 + Y2 = (aX + b ) 2  . 
where a = tangent  of t h e  half-coning ang le  or 
s l o p e  of t h e  s i d e  of t h e  cone. 
b = d i s t a n c e  of cone from o r i g i n  i n  t h e  
X=O plane  ( i n  t h e  case of t h e  v e h i c l e  
b = r a d i u s  of nose hemisphere) 
The equat ion  of another  cone r o t a t e d  an  ang le  "A" about  t h e  Y a x i s  
i s  
zt2 + y2 = + e )  2 
where Z '  = E cos A - X s i n  A 
X' = Z s i n  A + X cos A 
d = tangent  of ha l f  coning angle  of t h e  o u t e r  
cone 
and e = d i s t a n c e  of cone from o r i g i n  i n  X'=O plane. 
Af t e r  s u b s t i t u t i n g  f o r  Z '  and X' and s implifying,  t h e  equat ion  of t h e  
r o t a t e d  cone becomes 
2 2  2 2  2 2 2 2  2 2 
Z (cos  A - d s i n  A) + X ( s in  A-d cos  A) - XZ sin2A(1 + d ) + Y 
2 (6-3 ) 






\ x  
G-2 
I f  t h e  angle  "A" is always less than  l o o ,  than  an  e r r o r  of less 
than  5% w i l l  be  introduced by t h e  approximations 
sin A A 
and cos A = 1 . ,_ 
The cone equat ion  becomes 
2 2  2 2  2 2 2  Y + Z ( 1  - d A ) + X (A -d ) - 2 ZXA(l+d2) = 2ed(ZA + X) + e' . (G-4) 
In  t h e  model, equa t ion  G-1 represents t h e  v e h i c l e  and equat ion  G-4 
r e p r e s e n t s  t h e  plasma o u t e r  edge. 
are 
m e - p a r a m e t e r s  a and b i n  equat ion  G-1 
a I can 9" 
and b = 15.95 cm o 
The parameters  d and e i n  equat ion  G-k may be  s p e c i f i e d  by supplying 
t h e  average d i s t a n c e  of t h e  ou te r  plasma boundary from t h e  place of 
i n t e r s e c t i o n  of t h e  v e h i c l e  nose hemisphere and body cone, L1, and 
t h e  average d i s t a n c e  of t h e  plasma boundary cone from t h e  X-band an tennas ,  L2. 
From Figure  G-1 
e - L 1 + b  (6-5) 
and 9 (6-6 1 
- L1 ax1 + b + L2 - b - L1 axl + L2 d =  a 
x1 x1 
G- 3 
where X is  t h e  d i s t a n c e  t o  t h e  p lane  conta in ing  t h e  an tennas  from 1 
t h e  center  of t h e  noee hemisphere, i.e. 
x = 57.55 cm. 1 
Maximum and minimum d i s t a n c e s  of t h e  plasma cone from t h e  X-band 
antennas (L 
d i s t a n c e s  occur i n  t h e  Y = 0 p lane  and on t h e  l i n e  X = X 1 
Equation 4 becomes a f t e r  s u b s t i t u t i o n  of Y = 0 and X = X1 
and Lmin i n  F igure  G-1) can be  found by no t ing  t h a t  t h e s e  
i n  t h a t  plane.  
max 
2 2 2  2 2 2  2 2 Z ( 1  - d A ) + X1(A -d ) - 2X1Z A(l+d ) = 2 ed (ZA + X1) + e . (6-7) 
The above equat ion was so lved  t o  o b t a i n  maximum and minimum 
d i s t a n c e s  from t h e  v e h i c l e  r o l l  a x i s  (x a x i s )  a t  X = XI. 
and Lmin were then obta ined  by s u b t r a c t i n g  t h e  v e h i c l e  r ad ius  
a t  t h e  x-band antennas from Z max 
an  angle  of a t t a c k  of 5", a nominal d i szance  L 
y i e l d s  an Lmin of about 2 cm. and an L 
Lmax 
and Zmin r e s p e c t i v e l y .  As an  example 
of 2 cm. ,  and an  L2 of 1 
of approximately 13 cm. max 
6 4  
8 cm. 
APPENDIX H 
RAY TRACING TECHNIQUE 
The c a l c u l a t i o n  of r a y  pa th  lengths  i n  and ou t  of plasma is  descr ibed  
here .  
assumed t o  be an  e l l i p s e  wi th  one focus co inc ident  with t h e  c e n t e r  of t h e  
c i r c l e  r ep resen t ing  t h e  v e h i c l e  c ross -sec t ion  (Figure G-1-c). 
of t h e  o u t e r  boundary w i l l  have t h e  f u n c t i o n a l  form 
I n  t h e  p lane  of t h e  X-band antennas, t h e  o u t e r  plasma boundary is 
The equat ion  
where a,  b ,  and m are e l l i p s e  parameters obtained from t h e  maximum and 
minimum d i s t a n c e s  of Appendix G by t h e  fol lowing equations: 
b = R + Lmin 
- 
Lmax Lmin 
2 m =  
If w e  d e f i n e  
Y, Z, - m 
L L - 1 = o  
b2 
f(YZ,  z2, m, b ,  4 = 7 + 
a 
then t h e  normal vec to r  t o  t h e  e l l i p s e  is  Vf, where V is t h e  g r a d i e n t  
ope ra to r  
(3)  
A 
and j' and fc are u n i t  v e c t o r s  i n  t h e  Y and Z d i r e c t i o n s  r e s p e c t i v e l y .  
H- 1 
2y2 2(Z2 - m) 




Define t h e  d i r e c t i o n  from t h e  antenna t o  t h e  e l l i p s e  s u r f a c e  which t h e  
1' zl' ray takes  as b .  Then, i f  t h e  antenna c e n t e r  has coord ina tes  Y 
( 5 )  
and i f  t h e  e l e v a t i o n  angle  of t h e  ground t r a c k i n g  t e rmina l  is  "elev", 
then  t h e  vec to r  d i r e c t i o n  from t h e  v e h i c l e  t o  t h e  observer  is  
Q = j cos (-elev) + i; s i n  (-elev).  
S n e l l ' s  l a w  f o r  r e f r a c t i o n  on an i n t e r f a c e  is  
n (i x Vf) - no(+ x Vf) 
P 
where n = r e f r a c t i v e  index of t h e  plasma, and 
P 
n - free space  index - 1. 
0 
S u b s t i t u t i n g  i, a, and Vf i n t o  Snel l ' s  l a w  y i e l d s  an  equat ion  i n  
(7) 
which t h e  unknowns are (Y 
t h e  o u t e r  boundary of t h e  plasma. 
Z 2 ) ,  t h e  po in t  a t  which t h e  ray  intersects 2' 
n (i x Vf) = n 
P P 
no(+ X Vf) = 1 Q;( @Y +zl = i (VfY az - V f Z  f> 
Yfx V f y  V f z 1  
n (a Vf - aZVfy) = -Vf ct, + VfZ Q;I . P Y Z  Y Z  
By s u b s t i t u t i n g  and s implifying,  
cos (-elev) I (Z2 - m> s i n  (-elev) - 2 -2 (Y2 - y p 2  - m) + 2  (Z2 - Z1) Y2 = [- 2y2 b2 2 a 2 b2 a 
2 (11) 
( Z 2  - 4 > +  (Y2 - Y1) 
X = 0, n 
P 
(Z2 - m Y  
where Y = a 1 - (from the  e l l i p s e  equat ion) .  
2 ' b2 . 
F i n a l l y ,  
(Y2 - Y1>(z2 - m> (Z2 - zl) Y2 Y2 (Z2 - m> - + 7 s i n  (-elev) - cos (-elev) 
b2 a a b2 2 
L p z ,  - Z I P  + CY2 - Y1> 
X = 0. 
n 
P 
This is  an i m p l i c i t  equation i n  t h e  unknown Z2 which w a s  solved f o r  d i f f e r e n t  
va lues  of t h e  parameters above to  obtain t h e  po in t  of i n t e r s e c t i o n  of t h e  
r ay  pa th  and t h e  plasma outer  boundary. 
H- 3 
Distances t r a v e l e d  i n  
dimensional  d i s t ance  by t h e  
D = s i n  
P 
plasma were computed by mul t ip ly ing  t h e  two 
s ine  of t h e  a spec t  ang le  thus:  
where D = d i s t a n c e  t r a v e l e d  i n  plasma, 
P 
8 = aspec t  ang le ,  
(Yl, Z1) = coord ina tes  of 
Y1 = R cos a 
Z1 = R s i n  a 
R = v e h i c l e  r ad ius  
H- 4 
antenna,  
i n  t h e  antenna p lane ,  
a = r o t a t i o n  ang le ,  and 
(Y2, Z2) = coord ina tes  of i n t e r s e c t i o n  of r ay  pa th  wi th  plasma o u t e r  boundary. 
The e n t i r e  d i s t a n c e  from (Y2, Z2) t o  t h e  observer  w a s  no t  computed 
because only d i f f e rences  i n  d i s t a n c e s  were t o  be important  i n  t h e  a n a l y s i s ,  
and t h e  l a r g e  range d i s t a n c e  would wash ou t  t h e  r e l a t i v e l y  small d i f f e r e n c e  
d i s t ances .  
observer ,  100 cm, away from t h e  v e h i c l e ,  and d i s t a n c e s  were computed t o  it. 
A plane was  s e t ' u p  perpendicular  t o  a ray  from (Y2, Z2) t o  t h e  
where Ds = d i s t ance  t r a v e l e d  i n  space,  
8 = aspec t  angle ,  
e l e v  - e leva t ion  angle ,  and 
(Y3, Z3> = any poin t  on a p lane  100 cm. away from v e h i c l e  and perpendicular  
t o  a r a y  from (Y2, Z2) t o  t h e  ground observer .  
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PATTERN SIGNATURE DERIVATION 
T h i s  appendix d e r i v e s  maxima l o c a t i o n s  i n  t h e  X-band antenna p a t t e r n  
f o r  t h e  case of no plasma around t h e  v e h i c l e  by r e f e r r i n g  t o  F i g u r e  1-1. 
The f a r  f i e l d  a t  t h e  observer  due t o  antenna number 1 w i l l  b e  of t h e  
form 
where lrll = magnitude of ;1 
and 
x = wavelength of t h e  r a d i a t i o n ,  
w -   IT times t h e  r a d i a t i n g  frequency, 
= phase of t h e  antenna a p e r t u r e  e x c i t a t i o n ,  $1 
f ( a , e )  = magnitude of t h e  e l e c t r i c  f i e l d  i n t e n s i t y .  
The c o n t r i b u t i o n  t o  t h e  same component of f i e l d  a t  t h e  observer  due 
t o  t h e  number 2 antenna w i l l  b e  
IF2 I 
exp 12mi - - i w t  + i$ I . f(a- x 2 E2 = 
IF2 I 
Because t h e  r a d i u s  of t h e  v e h i c l e  i s  much smaller than  t h e  d i s t a n c e  from 





r = vector from center of vehicle to observer 
r = vector from antenna #l to observer 






= rotation angle; angle that 111 antenna makes with the line from 
= aspect angle; angle that the observer vector (F ) makes with the 
vehicle center to observer 
vehicle roll axis (measured off nose) 
e 0 
Figure 1-1. Ray tracing geometry for the no-plasma case. 
1-2 
and 
f ( a  - 9 o o , e )  2ni1r21 
E2 I -  I exp {x- + i$& (1-4) 
i w t  where t h e  e t i m e  f a c t o r  has been suppressed. 
I n  t h e  case of no plasma around the v e h i c l e  t h e  l o c a t i o n s  of t h e  
re la t ive m a x i m a  and minima may be found by not ing  t h a t  t h e  rece ived  s i g n a l  
is t h e  sum of t h e  two antenna con t r ibu t ions  
ET = E + E2, 1 
and t h a t  t he  r e c e i v e r  is s e n s i t i v e  t o  t h e  power present  and must be 
p ropor t iona l  t o  
* * * * * 
R e  {E .E } = R e  {EIE1 + E1E2 + E E + E2 E2}. T T  1 2  (1-5) 
The s m a l l  s t r u c t u r e  i n  t h e  s i g n a l  is  caused by t h e  e f f e c t  of t h e  v e h i c l e  
r o l l  on the  phase arguments of t h e  crossterms,  i .e.  t h e  i n t e r f e r e n c e  of 
one antenna wi th  another .  
s t r a i g h t  from antenna t o  observer i n  f r e e  space so t h a t  X i n  t h e  phase 
arguments may be rep laced  by X 
from antennas 1 and 2 t o  observer  become 
The r a d i a t i o n  pa ths  i n  t h e  no-plasma case are 
t h e  f r e e  space wavelength, and t h e  d i s t ances  
0' 
If,l = l f o l  - R cos  a s i n  8 (1-6) 
and 
where R i s  t h e  r ad ius  of 
¶ 
t he  
- 
rol - R cos  (a - 90") s i n  e ,  (1-7) 
veh ic l e  i n  t h e  p lane  of t h e  antennas.  
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The phase of the c ros s  terms i n  t h e  power express ion  is  
2sR 
s i n  0 [cos a - cos  (a - 90")] + i$l - i$, . - 
hO 
Amaximum occurs every time t h e  argument equa l s  21~n where n is an  
ineeger  o r  zero.  This cond i t ion  is 
$1 - $2 
sin x e [cds a - cos (a  - 90")] + 2n n =  .. 
0 
Ao(2nn + $2 - +,I , 
2n R s i n  0 -JT s i n  (a - 4 5 " )  = 
This expression g ives  t h e  l o c a t i o n  of maxima as a func t ion  of t h e  r o t a t i o n  
angle  a, aspec t  angle  8, and t h e  phase d i f f e r e n c e  Q 2  - $ 
case. 
f o r  t h e  no-plasma 1 
I- 4 
APPENDIX J 
SIMULATED ANTENNA PATTERNS 
Quarter-cycle antenna patterns from the model for the 
following conditions: 
Aspect angle 75"-90" in 5" increments 
Refractive index 0.2-1.2 in 0.2 increments 
Angle of attack = 5" 
Equal phase antennas 
8 cm. nominal distance of plasma outer boundary from 
X-band antennas 



















During t h e  s tudy ,  several s i g n i f i c a n t  computer r o u t i n e s  were developed 
and used ex tens ive ly  as a n a l y s i s  too ls .  These programs are descr ibed 
below: 
(1) XCgR - (Cross-correlat ion program) 
This  program computes the  normalized c ross -co r re l a t ion  func t ion:  
where k = 
j =  
u =  k 
s =  i 
U =  
S 
N =  
+ (k- 1) N 
t h e  index on t h e  quadrant of i n t e r e s t  
t h e  "lag" of i n t e r e s t  
t h e  mean of t he  k t h  - quadrant 
t h e  s tandard  dev ia t ion  of t he  k t h  - quadrant 
t h e  i t h  - po in t  on t h e  i n t e r p o l a t e d  p a t t e r n  
t h e  mean of the  lagged s i g n a l  s t r e n g t h  d a t a  i n t e r v a l  
t h e  i t h  - s i g n a l  s t r eng th  d a t a  po in t  
t h e  s tandard dev ia t ion  of t h e  lagged s i g n a l  
s t r e n g t h  d a t a  . i n t e r v a l  
t h e  number of pu lses  i n  a 90" equiva len t  t i m e  
i n t e r v a l  a t  the  s p i n  rate ( thus  t h e  maximum l a g ,  
8N, corresponds t o  720 degrees ,  o r  two s p i n  ' cyc les ) .  
The program accep t s  as inpu t s :  
I B M I N  = minutes t i m e  l a b e l  of i n t e r v a l  of i n t e r e s t  
IBSEC = seconds t i m e  l a b e l  of i n t e r v a l  of i n t e r e s t  
THEDOT = s p i n  rate i n  degrees per  second 
ALPHA = aspec t  angle  i n  degrees of f  t h e  nose 
GAIN = a 360 element vec tor  r ep resen t ing  t h e  
d i g i t i z e d  s t a t i c  p a t t e r n  ga in  i n  p o s i t i v e  
db down from an a r b i t r a r y  r e fe rence  
d a t a  a t  t h e  inpu t  sp in  rate 
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END 
Beginning T ime  
Spin Rate Aspect 
I n t e r p o l a t e  
P a t t e r n  At '  
Pu l se  Rate 
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Sign of 
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Data 
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, Drop 1% 
'S.S. Data Value 
' and Pick  Up 
New One 
t 
Figure  K-1. Block Diagram 
of Program ZUBR ( c m r -  
corra1a t i . r )  
A gene ra l  flow c h a r t  is shown as Figure IC-1, which shows t h e  major 
f e a t u r e s  of t h e  program. 
(2) AUTCOR - (Auto-correlation Program) 
This  program computes the normalized au to-cor re la t ion  func t ion:  
- - 
MDATA (si - 8 )  (si+. - s') 
; j = NDATA-MDATA -- 
U U '  
S S 
'j - MDATA l z  
i=l 
where, NDATA p: no. of p u l s e s  i n  t o t a l  d a t a  span of i n t e r e s t  
MDATA . * no. of pu l se s  i n  s l i d i n g  block 
s = d a t a  i 
- 
s = mean of s l i d i n g  block 
s '  = mean of lagged d a t a  
u = s tandard  dev ia t ion  of s l i d i n g  block 




The program accep t s  as inpu t s  
NDATA  the number of d a t a  p o i n t s  t o  be included 
MDATA = t h e  number of d a t a  p o i n t s  i n  t h e  s l i d i n g  
NCASE m t h e  number of cases  t o  be run  
ITIME E t h e  beginning t i m e  of each case 
DATA = a d a t a  v e c t o r  of NDATA words 
i n  t h e  computation 
d a t a  block 
A flow c h a r t  is  shown as Figure K-2. 
(3 )  SLAVE - (45" Moving Average Program) 
This  program computes a simple average over t he  c e n t r a l  45 degrees  
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Figure K - 4 .  Block Diagram of RAy (Ray path calculation). 
K- 6 
is synchronized to the data by means of the spin rate data determined as an 
output of I'AUTCOR~'. 
The program accepts as inputs: 
ITIME = beginning time of period of interest 
LTIME = ending time of period of interest 
LAG = lag in ms. of first null after "ITIME" 
IRATE = spin rate. 
A flow chart is shown in Figure K-3. 
( 4 )  RAY - (Ray Path Calculation) 
This program solves the vehicle-plasma equation for ray location 
and optical length for the two-dimensional case. 
(Y2 - Y1>(Z2 - m) (Z2 - Z1) Y2 Y2 - -  + 5 sin (-elev) 
a 2 b2 a 
2 2 
(Z* - m) )I(Z2 - zl) + (Y2 - Y1) - cos (-elev) x - = o  
bL 11 P 
Y2) = coordinates of outer plasma 2' where (Z 
boundary, and 
Y2 = a 
(Z1, Y1) = coordinates of antenna: 
Z1 = R sin a 
Y1 = R cos a 
R = vehicle radius at X-band antennas 
a = rotation angle (spin angle) 
elev = elevation angle 
n = plasma refractive 
P 
/ ,l 
n = d l - T  NeL 
m u  E P 
index 
K- 7 
N = plasma e l e c t r o n  d e n s i t y  
e = e l e c t r o n i c  charge 
m = e l e c t r o n i c  mass 
w = (2n) (9.1 GHz) 
E = p e r m i t i v i t y  of f r e e  space  
m,  a ,  b,  - parameters of e l l i p s e  r ep resen t ing  plasma o u t e r  boundary 
Lmax - Lmin 
2 m =  
b = R + Lmin 
L 
plasma o u t e r  boundary from X-band antennas (Appendix G). 
and Lmin are maximum and minimum d i s t a n c e s  of max 
The o p t i c a l  l eng th  is found by mul t ip ly ing  t h e  l eng th  i n  plasma by t h e  
index of r e f r a c t i o n  and adding t o  t h a t  t h e  l eng th  ou t  of plasma from t h e  
v e h i c l e  t o  a plane 100 cm. away. 
D - D  + n D  
8 P P  
D = t o t a l  o p t i c a l  l eng th  
P 
D = a c t u a l  ray  p a t h  l e n g t h  i n  plasma 
DS - f r e e  space pa th  l eng th  
= [(z, - z3) s i n  (elev)  + (Y3 - Y2) cos (elev)] s i n  e 
(Z3, Y3) = any podnt on a p lane  100 cm. away from 
v e h i c l e  and perpendicular  t o  a r ay  from 
(Y2, Z ) to t h e  ground observer .  2 
IC-8 
This program accepts as inputs: 
5 maximum and minimum distances of plasma outer Lmax’ Lmin 
boundary from X-band antennas 
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Figure K-5. Block diagram of (interference region). 
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(5) MAX - (Simulates Pattern Interference Regions) 
This program computes maxima locations and simulates in plasma 
I 
antenna patterns using ray lengths from program "ItAY" . 
MAX checks the phase argument of the null producing factor in the 
antenna pattern equation 
e x p ( ~  2lTi [D(a) - D(a - 90")l sin 0 
and records the a ' s  for which the phase argument is a multiple of 21~i 
as a goes from 0" to 90". 
h = 3.257 cm. X-band wavelength 
0 = aspect angle 
D(a) = optical length from "RAY" 
a = rotation angle. 
MAX then plots a simulated quarter cycle of antenna pattern. 
Log [sin' (a) + cos' (a) + cos [ D ( a )  - D(a - 90'1 sin 0 
This program accepts as inputs: 
Ray path lengths on tape from program "RAY". 
K-11 
